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PREFACE TO THIRD EDITION 


The alterations in the calculations for timber struts and posts 
(page 298) are inserted by kind permission of the L.C.C. 

T. J. R. 
L/E. K. 


PREFACE TO SECOND EDITION 

As mentioned in the preface to the original edition of this book 
in 1944, the aim was to present, in simple language, the basic 
principles of building mechanics. 

However, the application of these principles to modern struc- 
tural regulations has not been forgotten. 

British Standard 449 has laid down certain new working stresses. 
For example, an important change is the raising of the permissible 
working stress in bending from 8 tons/in.- to 10 tons/in. h in the 
case of simple beams. Where it has appeared to be desirable, 
the new working stresses have been used in this edition, keeping 
in mind the general scope of the book. It must be remembered 
that all lists of stresses, etc., issued in ' Codes ' and ' vStandards ’ 
are subject to periodic revision. 

The book remains a text-book of fundamental principles of 
structural mechanics. The authors wish to thank the British 
Constructional Steelwork Association and the British Steel Makers 
lor penm‘‘^«^ion to include the tables on pages 262-265 inclusive. 

T. J. R. 

L. E. K. 


V 



PREFACE TO FIRST EDITION 


The subject of ' Structural Mechanics ' in the more advanced 
stages is adequately covered by the many excellent books dealing 
with the * theory of structures ' and the ' strength of materials/ 
The authors trust that the present volume, introductory and 
fundamental in character, will be of assistance to building and 
architectural students in the early stages of their professional 
training. 

The aim of the book is to present, in simple language and in a 
logical sequence, the basic principles of building mechanics. The 
temptation to enlarge unduly on certain topics has been resisted. 
Too much detail in the early stages of a student’s reading is apt 
to make him lose sight of the natural development of the subject, 
stage by stage. 

An endeavour has been made to reduce the amount of mere 
arithmetical working in problems by selection of suitable data. 
It is difficult for an elementary student to keep unobscured the 
underlying principles involved in an exercise, when he has to deal 
with a mass of awkward figures. 

The text is thoroughly interspersed with numerical examples 
and diagrams, the only effective method of sustaining interest 
and enthusiasm. 

In addition to the exercises at chapter ends, a chapter is devoted 
to revision examples. To these examples abridged solutions are 
provided. 

The last chapter contains test papers. Completely worked 
solutions to the numerical portions of these papers are supplied. 
Page references are given for points of theory raised in the papers. 
Readers are urged to attempt these question papers in the spirit 
of examination tests. Reference to the solutions should not be 
made until the paper attempted has been fully worked. 

Students preparing for the Intermediate examination of the 
Royal Institute of British Architects, the Graduateship examina- 
tion of the Institution of Structural Engineers, the examinations 
of the Chartered Surveyors’ Institution, and similar examinations, 
should find the book helpful. 

Teachers proposing to use tlie book as a class book in preliminary 
courses a])proved for National Certificates and Diplomas in 
Building will have no difficulty in seahng-up the answers and 
worked solutions, if tliis were considered to be desirable. 

The book has not been written to comply with any one set of 
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building regulations. It has been necessary, however, to refer 
to typical regulations occasionally in order to demonstrate the 
relationship between theory and practice. Having grasped the 
basic principles of structural mechanics the reader will be in a 
position to apply his knowledge to the interpretation of any new 
regulations which may be issued from time to time by the British 
Standards Institution, etc. 

The authors wish to acknowledge freely the many sources of 
the theoretical principles upon which the book is based. Examin- 
ing and assessing experience has been an aid in the attempt to 
anticipate points of difficulty for the beginner. Practical 
experience has, likewise, assisted in placing necessary emphasis, 
riianks are due to a number of firms for permission to publish 
data, photographs, etc. The firms include Messrs. Redpath, 
Blown & Co., Ltd., Messrs. A. Macklow-Srnith & Co.. Ltd. 
(for the testing apparatus in Chapter IX), and Messrs. Cussons 
Ltd. (Manchester), to whom the authors are indebted for the 
permisvsion to include the illustrations of experimental apparatus 
given in Chapters I-XTI. Fig. 238 is included by permission of 
Messrs. T. C. Howden cS: Co. 

The photographs in Appendix II are published by permission 
of Messrs. Dawnays Ltd., and Messrs. The Quasi- Arc Company, 
Ltd. 

Certain section tables are inserted by kind permission of the 
Ihitish Steelwork Association. The Institution of Structural 
Engineers kindly permitted the authors to make extracts from 
a report, particulars of which are given in Chapter XV. 

A list of British Standard Specifications dealing with building 
construction is given in Appendix 1. The list is included by 
the courtesy of the British Standards Institution. The authors 
wish to express their indebtedness to the London County Council 
for permission to quote from building regulations and to publish 
photographs of experimental apparatus. 

Finally, it is desired to record appreciation of the interest shown 
by Principal Drury, M.Sc., in the production of the book, and 
to thank Mr. E. G. Warland, M. I. Struct. E., for preparing the 
cover design. 

T. J. R. 

L. E. K. 


S.M. — I 
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CHAPTER I 


COMPOSITION OF FORCES. RESULTANTS 

Introduction. — ‘ Structural mechanics ' is mainly concerned with 
forces, how they combine together, how they keep a body at rest 
and, in general, with the effect they have on the stability of the 
parts of the structure to which they are applied. In this subject 
we will have to consider also the effect a force has on the size and 
shape of the actual material upon which it acts. 

The object of stud3nng the subject of stiuctural mechanics is 
to learn how to build structures with a view to both economy and 
strength. 

Force 

It is usual to define force as that which tends to alter the state 
of rest of a body or its uniform motion in a straight line. As 
building students we are chiefly concerned with bodies at rest. 
It must be realised that if a single force act on a body, it will pro- 
duce motion in that body. Also, if a number of forces act on a 
body in such a manner as to be equivalent to a ‘ 7iet resultant 
force,' the body cannot possibly remain at rest. From our point 
of view, the important fact to remember is that if any unit in a 
structure, e.g. a girder, is to remain in equilibrium (i.e. at rest), 
there must be no resultant force acting on it. It is our duty to 
provide for such a member a set of forces that shall satisfy the 
' laws of equilibrium.' 

Types of Forces met with in Structural Calculations 

(а) In all practical problems there is one force which should 
always be carefully noted. This force is the ‘ self-weight ' of the 
member involved. For example, in beam problems the weight 
of the beam itself should always be considered in estimating the 
total load the beam has to carry. The load due to the weight of 
a member is usually termed a * dead load.' 

(б) Structural members have to support external loads which 
are known as ' superimposed loads.' In floor-design calculations, 
superimposed loads are frequently described as ' live loads.' The 
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following represents a typical load table for a reinforced concrete 
floor : 

Dead load = 72 lb. per sq. foot. 

Floor finish = 10 „ „ „ 

Live load = 224 ,, „ „ 

Total = 306 lb. per sq. foot. 

In this case we have a floor slab 6'' thick with an additional top 
surface designed to resist wear. The term ' live ' in this example 
merely indicates that the load of ‘ 224 lb. per sq. foot ’ may be 
applied all over the floor. 




r^ ^/r/7CT/OA/ /7T 

7?7e oor/icct pcxsc/Hon Bir 
rmcLCJ&ion Ot^^€.r\joLs c^o/^ 


I. — Beam Support Reaction. 


Strictly speaking, a ' live load ’ is of a dynamic character, such 

as the load a pile receives 

- ' ■] when it is hit by the falling 

Bmm ‘ monkey.' A ‘ live load ' of 

^ ^ . j this type may be considerably 

1 ^ ^ ^ more damaging to a structure 

than a ‘dead load’ of the 

^ same magnitude. 

Zr ^ (0) When one structural 

The correct posc&on Bsr ' ' 

^ member rests upon another, 

Gype e^xcf Ccr>r>ccccJior ^ 

the force exerted by the sup- 
Fig. I.— Beam Support Reaction. porting member is termed a 

' reaction,* Fig. i shows a 
steel beam simply supported at its end ‘ A.' The force exerted 
in this case by the pillar on the beam at 'A,' indicated in the 
diagram by an arrow, would be termed the ' reaction at A.* 

(d) In framed structures, some of the members will be pulling 
at their end connections and others will be exerting a thrust 
(Fig. 2). Those mem- 
bers which pull are J ^ ^ 1 

termed ‘ ties,’ and 1 

those which push are 
known as The 

arrow heads in Fig. 2 v v* 

indicate the nature of My ^ 

the forces which the ^ . \ • » 

1 X X XI- dion-rzhsCs O sey-cts* 

members exert at the ^ 

ioint. The reader Fig. 2. — Struts and Ties. 
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should carefully note the relationship between the way in which 
the respective arrows are pointing and the type of the member 
concerned. 

(e) Walls sometimes have to be built to retain liquids, or 
granular materials like earth. Such structures are known as 
‘ retaining walls* The forces involved in retaining- wall calcula- 
tions are dealt with in Chapter XV. 

(/) When a member is subjected to load the fibres of the 
material transmit the load from section to section throughout the 


I 

/' rorrt , 0^0 p /' X X Co 
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Fig. 3. — The Nature of Stress. 


member. Such a system of internal force transmission is termed 
a ' stress,* Chapter IX is concerned with the subject of ‘ stress/ 


Units for Expressing Force Values 

Two systems of units are employed. 

(i) Gravitational or Engineers system. 

(ii) Absolute system. 

The latter system is based upon Newton s laws of motion, and 
in this system a force is measured by the acceleration it produces 
in a given mass. This method of giving force values is not 
commonly used in building calculations and will not be further 
referred to. 

Gravitational System. — Every body is attracted towards the 
earth’s centre by a force which depends upon (i) the amount of 
matter in the body, i.e. its * mass,* and (ii) the distance the body 
is from the centre. 

We may ignore the slight difference in the ' force of gravity"" 
which a given mass would experience at different positions on the 
earth’s surface and which is occasioned by the fact of the earth 
not being a perfect sphere. For all practical purposes we may 
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regard the mass of a body as the only factor which influences the 
value of the earth's pull on it. 

In London there is stored a piece of platinum the mass of 
which is defined to be ' one pound.* If we were to measure the 
pull of gravity on this standard unit of mass we would get the 
force value known as ' one pound weight.* From this primary 
unit the system of force units commonly used in structural calcu- 
lations is built up. 

It is usual to omit the word ' weight * in expressing force values. 
When we say, for example, that the force in a tie-bar in a steel 
frame is ' 30 cwts.*, we mean it is ‘ 30 x 112 times ' as great as 
the standard unit of force, viz. ‘ one pound weight.* 

Resultant of a Force System. — The * resultant ' of a system ol 
forces (i.e. of a specified number of given forces) is the single force 
which we could replace for the given system without altering the 
net effect the system has on the state of rest (* equilibrium ') of 
the body upon which it acts (see Fig. 4 {a)). 



It is often important to be able to substitute one hypothetical 
force for an existing group of forces. In all problems of the 
‘ equilibrium * type, this is a permissible substitution. 

Equilibrant. — The " equilibrant * of a system of forces is the force 
which would have to be introduced into the system in order to 
bring it into the state of equilibrium. It is clear that the 
* equilibrant ' of a system must balance tlie resultant of that 
system. The relationship between these two important forces is, 
therefore, that they are ‘ equal in magnitude ' and act in ' exactly 
opposite directions.* Both resultant and equilibrant will be of 
zero value for a system in equilibrium. 
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Components. — The components of a force are the separate 
forces which acting all together will have the given force as their 
resultant. 

The operation of resolving a force into its components, termed 
‘ resolution J is frequently employed in structural calculations. 
Fig. 4 {b) illustrates a force resolved into two components. 

Determination of Resultants 

It is intended in this book to consider only the type of force 
system in which aJl the forces act in the same plane. Such a 
system is known as a ‘ co-planar system of forces.* It is the type 
which commonly occurs in building calculations. 

Force systems may be divided into two classes : 

(i) * Concurrent systems* in which all the ' lines of action * of 
the various forces pass through one common point. 

(ii) ' 'N on- concurrent systems,* in which the lines of action have 
no common point of concurrence. 



/VoN-CoNcurefeEA/r 

Fig. 5. — Force Systems with Typical Resultants. 

Fig. 5 illustrates these two main types and also the special 
important case of the ‘ parallel system.* 

Problems in structural work are solved either by methods of 
calculation or by * graphical methods.* Graphical methods are 
widely used and will be considered first. 

Graphical Representation of a Force 

A force has ' magnitude* ‘ direction,* and * position.* For 
example, we might have a force of 1000 lb. {magnitude) acting 
vertically downwards {direction) at the apex of a roof truss 
{position). It is possible to represent these three properties by a 
straight line drawn to a convenient force scale (see Fig. 6). 
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Fig. 6. — Graphical Representation of a Force 
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Example. — Represent graphically a force 0/400 Ih. acting, at a 
given point, horizontally towards the right. 

In Fig. 7, the original scale chosen was = 100 lb. The 
length of the ' vector line ' representing the force was therefore 


Pootl/ . 


L. 


^00 LBS 


^r^rtyrr tx^u:tcciCL/>.^ 
^ ^SC^ZaSc/ Qp Po^C^, 


, ^P/^C£, O/PrORPM 
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r— ^ — 
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ScctLe, taolSs 


77v& cCc!tTvC^horv 
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be^ lyn^e^de^ 
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Fig. 7, — A Force Represented by a Straight Line. 


' 3 ins.' The reader should not calculate the length of line 
required but use the side of his scale rule marked off in three- 
quarter inch graduations and plot * 4 ' of these graduations in 
this ca.se. Lines drawn to scale to represent force values will be 
termed * vector lines.* A ‘vector quantity* is one (like a force) 
which has ‘ direction ' as well as ‘ magnitude,* 

It is absolutely essential in graphical w^ork that a vector line 
shall be drawn parallel to the line of action of the force it repre- 
sents. In drawing a vector line, as far as is possible, the pencil 
point should travel in the direction of the ‘ sense ' of the given 
force, as indicated by the arrow head in the space diagram. 

Always indicate clearly, near the diagram concerned, the scale 
used in its construction. 
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Resultant of a Co-linear Force System 

Example. — Fig, 8 shows three horizontal forces pidling on a ring. 
Find the resultant pull on the ring (a) by calculation, (b) by 
* graphics.* 

In graphical work 
a space diagram should 
always be drawn, 
showing the correct 
directions of the forces 
acting, with indica- 
tions of the force 
values where known. 

The forces are not 
represented to scale in 
a space diagram, but 
the diagram may require a linear scale to set out correctly the 
various force directions (see page 36). 

{a) Total force to right = 5 cwts. 

Total force to left =(34-4) cwts. 

Net force to left =. (3 4. 4 5) cwts. = 2 cwts. 

Resultant = 2 cwts., acting horizontally towards the left. 

(6) From a convenient initial point ' O ' draw a vector line 
' OA,' horizontally towards the right, to represent the ' 5 cwts.' 
force to a suitable scale. To the same scale draw ' AB ' (to left) 
to represent ' 3 cwts.’ and ' BC ' (to left) to represent ' 4 cwts.’ 

Join the final point of the diagram (C) to the initial point ( 0 ) and 
reverse the arrow on this line. 

’ OC ’ will represent the resultant of the three given forces. 
The reader will note that this agrees with the calculated result. 

This example has been explained in detail because the rule 
given in heavy type above will be shown later to be applicable 
to any system of forces acting at a point. 

Resultant of Two Intersecting Forces 

The solution of this case is effected by means of a theorem 
known as the ‘ parallelogram of forces,* The experimental veri- 
fication of the theorem may be conducted by apparatus such as 
that illustrated in Fig. q. 


^•c^rs 
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Fig. 8 — Graphical Solution 
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Rule. — To find the resultant of two forces ' P ' and ‘ Q ' 
(Fig. 10) proceed as follows. From a convenient point ' 0 ' 
draw ‘ OA * (to suitable scale) to represent force ‘ P * and also 
draw ' OB ' (to same scale) to represent force ‘ Q/ Complete the 
parallelogram ' OACB * and draw-in the diagonal ' OC/ ‘ OC ' 
wili then represent (to the chosen force scale) the resultant of the 
forces ' P ' and ‘ Q/ 


P <p - 
pcusse^ r 

^ Aoclc/s 


J^ASc/^6a^^^ of, , 
'f^'cutxjLQ 





SPffCE DtPORPM 


, POPCE Of/PCPPM ^ 

Pci.rcLCCeZogra^ of forc es 


Fig. 10. — Kesuitant of Two Intersecting Forces. 


Example. — peg, fixed in the ground, has two ropes attached 
to it, both ropes being parallel to the ground. The angle between the 
ropes is 60°. In one rope there is a tension (i.e. pull) of 70 lb. and 
in the other a tension of 80 lb. Find the resultant pull on the peg. 



?rcCJ ctr'cuy^^ £0 Jocz/^ J r-n. 4 uj£ be J 

Fig. II. — Parallelogram of Forces 


By means of the parallelogram of forces shown in Fig. ii, the 
resultant is found to be a force of 130 lb., acting in the direction 
indicated. 

In order to remove all pull off the peg a force of 130 lb. acting 
in the opposite direction to that of the resultant would have to 
be applied. This force is, of course, the * equilibrant * of the 
system. 
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Special Cases. — Fig. 12 shows a ‘ thrust * and a ' pull * acting 
at a point. To use the * parallelogram of forces ' we must reduce 
the system either to two ' pulls ' or to two ' thrusts/ Such cases 
may be solved more conveniently by the method given in next 
paragraph. 



Xr% qS cjj- 

• 0 . « « . 

Fig. 12. - Reduction of Force System. 


Second Method for Two Intersecting Forces 
The vector line ‘ OC/ which represents the resultant in Fig. 10, 
may be obtained as follows : draw ‘ OA ' (Fig. 13) to represent 


OPr'cervaC PTC *C3t^r^ c^L0xxr^^ 
•dttf ^uooaSifioort 

m m f9 

:/hr- ,>^Uar,jh 


<p 
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Fig. 13. — Alternative Method for two Intersecting Forces. 


force * P ’ and at ‘ A ' draw ' AC ' to represent force ' Q.’ Join 
the final point of the diagram (C) to the initial point (O) and reverse 


7o> 


f/T3<o Las 

TCjC 

- SjP/ 9C£ DJPfCP/PM — 
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Fig. 14. — Compounding a Thrust and a Pull. 
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the arrow on this line. This rule a^ees with that given for 
co-hnear forces on page 7. 

Example. — In Fig. 14 the rafter exerts a thrnU of 2000 lb. and 
the horizontal tie pulls with 1730 lb. force. Find the resultant force 
the truss transmits to its end support. 

The force diagram in Fig. 14 indicates that the support will 
have to carry a vertical load of 1000 lb. 

Note. — Fig. 15 shows a body pulled by two strings. The 
strings do not actually intersect. In such cases the lines of action 
must be produced until they do intersect. The parallelogram of 
forces (or alternative method) may then be applied in the usual 
manner. The resultant will pass through the intersection j)oint 
of the two lines of action. In all problems of this type, concerning 
equilibrium, a force may be assumed to be acting at any point 
in its own line of action. 



Fig 15. — Production of Lines of Action. 


Resultant of any Number of Concurrent Forces 

Fig. 16 illustrates how the previous method of successive vector 
line construction can be applied to any number of forces. * OB ' 
represents RpQ, the resultant of forces * P ' and ' Q.* This 
resultant force is then combined with force ' S,' giving ‘ OC ' as 
the vector line representing the resultant of forces * P,' ‘ Q ' and 
‘ S.’ This procedure is continued until all the forces are taken. 
' OD * represents the final resultant in the example taken. In 
practical examples there will be no need to draw in the inter- 
mediate resultant vector lines ‘ OB,' ‘ OC,' etc. It will be 
necessary simply to construct the polygonal outline ' OABCD.' 
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The rule is therefore the same as for tlie previous force systems 
considered, viz. : draw vector lines in succession to represent the 
forces, join the final point of diagram to the initial point and 
reverse the arrow on this vector line. 

Example.— Find the resultant of the concurrent force system 
given in Fig. 17. 



^qCCoi^ 

r&urtcT /£)>nce <=>nc/c^' 


Fig 17 — Concurrent System 

The resultant is a force of 38*26 cwts. acting in the direction 
indicated in the force diagram. Its * point of application ' is the 
point of concurrence of the forces forming the system. 

Recapitulation. — The reader should note carefully the following 
important points : 

(i) It is essential to construct the vector lines in a force diagram 
parallel to the respective forces they represent in the space diagram. 

(ii) The arrow head on a vector line must agree * in sense ’ with 
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that indicated in the space diagram for the particular force repre- 
sented, i.e. the two arrows must point in the same direction. 

(iii) The arrow heads must follow round the force diagram ‘ in 
order * (i.e. all point ahead as you proceed round the diagram), 
except on the vector line which represents the resultant of the 
system. In this case it is directly ‘ reversed * to all the others. 

(iv) The forces given in the space diagram may be represented 
in any sequence when constructing the force diagram. The 
vector lines of the force diagram may cross one another. 

Calculation Methods 

As an alternative to graphical methods, methods involving the 
employment of simple trigonometrical functions and formulae 
may be used for the solution of problems requiring the com- 
pounding of forces. 

Readers unacquainted with trigonometry should omit the 
following paragraphs and continue with the study of the graphical 
methods given in the next and subsequent chapters. 

If we can express by a formula the length of the diagonal of a 
parallelogram, or the closing line of a polygonal diagram, there 
will be no need to draw such diagrams to scale. 


Two Intersecting Forces 

In Fig. 18, if ' 0 ’ be the angle ' AOB,' the length ‘ OC ’ of the 
parallelogram is given by the formula : 

00 = OA* 4- OB* + 2.OA.OB. cos 0 . 


Expressed in terms of force values this formula becomes : 
Ra = P2 -f Qa -g 2. P Q. COS 0. 




SCsiTV^ 




-OBi- acco^o *4 


tiG. i8 . — Resultant by Calculation Method. 
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Applying this method to the example given in Fig. ii we have i 

R» = 7o‘ + 8o* -f- 2 X 70 X 8o X cos 60° 

= 4900 -f 6400 + 2 X 70 X 80 X *5 
= 16900 
R = 130 Ib. 

If forces ‘ P ’ and ‘ Q ’ act at right angles to one another we get 
the simple formula : R* == P* + Q*. 

Referring to Fig. 18, let ‘ a ’ be the angle the diagonal ‘ OC ' 
makes with the side ‘ OB.’ 


_ CB' _ BC sin 6 
tan « - OB' “ OB + BC coil’ 
Expressing in force values : 


tan a = 


P sin 6 
Q + P cos 6' 


Applying this formula to the case given in Fig. ii : 

, 70 sin 60° 70 X -866 60-62 

tan a == o n o == o , = — r- = *5271. 

80 + 70 cos 60 80 + 70 X *5 115 ' 

a = 27° 48'. 


The resultant makes an angle of 27° 48' with the 80-lb. force. 

When Chapter II, dealing with the ' resolution of forces,* has 
been studied, the formula given above for ' tan a ' will be more 
readily appreciated. We will then also be in a position to con- 
sider the derivation of the resultant of a system of several con- 
current forces by the calculation method. 

The examples given in Exercises i are intended to be solved 
by graphical methods. Calculation methods may be employed, 
if desired, as a check on the graphical work. The answers given 
at the end of the book liave been calculated. Results obtained 
by graphical methods are sufficiently accurate for all practical 
purposes, provided the various diagrams are carefully drawn. 


Exercises i 

(1) Fig. 19 shows a bolt to which are attached two chains. 
Find the magnitude and direction of the resultant pull on the bolt. 

(2) A vertical post has fixed to it, at the top, two horizontal 
wires in which the pulls are respectively 80 lb. and 60 lb. The 
angle between the wires is 90°. Find the magnitude of the result- 
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ant pull on the post. Obtain the angle between the line of action 
of the resultant force and that of the 60-lb. force. 



Fig. 19. Fig. 20. 


(3) A wall supports two thrusts in the manner indicated in 
Fig. 20. Show that the wall will have no tendency to move 
horizontally. Find the vertical 
load the wall has to support. 

(4) A rope passes over a 
pulley (which may be assumed 
to have frictionless bearings) 
placed at the end of the jib 
of a crane (Fig. 21). Find 
the resultant force on the jib 
end due to the rope. 

{Note . — The tension (i.e. the 
pull) in the rope may be taken 
to be constant so that at the 
end of the jib there are two 
forces, each of value 4 cwts., 
acting in the respective rope directions. Produce these rope 
directions to intersect.) 

(5) Find the resultant force in each of the cases given in 
F'ig. 22. 

(6) In Fig. 23 is shown a vertical dead load of 1200 lb. and a 




Fig. 22. 
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wind load of looo lb., acting at a rafter joint in a roof truss. 
Find the resultant load at the joint. 




rcLftey^ cijt 30* 
do Hx>rL^c>/ndcLZ>^ 


Fig 23. 


(7) A particle is acted upon by three forces as follows : (i) 10 lb. 
vertically downwards, (ii) 15 lb. horizontally towards the right, 
(iii) 20 lb. acting towards the right and making an angle of 30® 
with, and above, tlie horizontal. Prove (i) that the particle has 
no tendency to move vertically, (ii) that it will begin to move 
horizontally towards the right as if a single force of 32*32 Ib. were 

acting on it. 

(8) Find the equilibrant of 
the concurrent force system 
given in Fig. 24. 

(9) At the apex joint of a 
truss (Fig. 25) three forces are 
acting : (i) a dead load of 1600 
lb., (ii) a positive wind load of 
900 lb., and (iii) a negative (or 

suction) wind load of 600 lb. Find the magnitude of the resultant 
load at the joint. (Wind loads act at right angles to the roof slope.) 




Fig. 25. 
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(10) Fig. 26 illustrates a riveted connection in which the rivets, 
owing to the nature of the applied reaction load, are subjected to 
two simultaneous loads. Taking rivet ' A/ which carries loads 
of I ton and 1*4 tons in the respective directions shown, determine 
the resultant load it must be capable of supporting. 







Fig. 26. — Eccentric Load on Rivet Group. 


(ii) The diagram given in Fig. 27 represents the section of a 
retaining wall. The earth thrust and the self-weight of the wall 
are computed on the basis of one-foot length of wall. Obtain the 
resultant force on the wall per foot of length. Determine the 
distance, from the vertical back of the wall, at which the resultant 
cuts the wall base. 

(Produce the line of action of the earth thrust to cut the vertical 
line of action of the weight of the wall (see Fig. 15).) 





CHAPTER II 


RESOLUTION OF FORCES. RECTANGULAR 
COMPONENTS 


In order to solve structural problems, not only must we be able 
to compound several forces into one equivalent resultant force, 
but we should be familiar with the methods whereby a single 
force may be resolved into two or more components. 

A given force system has only one resultant force, but a single 
force may be resolved into component forces in an indefinite 
number of ways. It is necessary, therefore, to specify some 
particulars of the required components. 

The usual problem is to have to resolve a given force into two 
components whose directions are specified. The most important 
case of all is when these two components are themselves at right 
angles to one another. 

Example. — A force of 6 cwts, acts, at a certain point, vertically 
downwards. Resolve this force into two components, one acting at 
30° to the left and the other at 45® to the right of the given force 
direction {Fig. 28). 


/ 

f 


\ 










/huvuCCeC 



V 

f'Jj 


Fig. 28. — Components of a Force. 


First of aU, draw a space diagram showing the lines of action 
of the forces concerned. An arrow head should be placed on the 
given force. The correct placing of the arrow heads on the com- 
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ponent lines is explained below. Now draw a vector line ' OA/ 
to a suitable force scale, to represent the '6 cwts, force/ 

On this line it is essential to place an arrow head (i.e. pointing 
downwards) to indicate the ' sense ' of the force. Construct a 
triangle having the drawn vector line ' OA ' for one side and 
having the other two sides respectively parallel to the required 
directions of the components. Place the arrow heads on tliese 
latter two sides, ' in order * with one another but ' reversed ' in 
respect to the arrow head on the * 6 cwts. force ' vector line. The 
magnitude of each component may now be scaled off the 
‘ resolution triangle,* being represented by ' OB * and ‘ BA * 
respectively. From Fig. 28 we see that the components are 
respectively 4-39 cwts. and 3-11 cwts., acting in the directions 
indicated. It is clear, by the rule given on page 10, that these 
two components have the given force of ' 6cwts.*astheirresukant. 


Rectangular Components 

When a force is resolved into two components, and these two 
components are at right angles to one another, they are termed 



Fig. 29. — Rectangular Components. 


rectangular components/ The term * resolved parts * is also some- 
times used in this case. It is important to remember, when 
considering one rectangular component of a force, that with this 
component there is always associated another, acting in a direc- 
tion at right angles to it (Fig. 29). 
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Important Property possessed by Rectangular Components 

In Fig. 30, the force ' F * exerts its full forward effect on the 
slider block only when it is applied horizontally. As the angle 
made by force ' F ' with the horizontal increases, the effective 
forward pull on the block decreases. When force ‘ F ' acts verti- 
cally it has no tendency to move the block forward horizontally. 

A force, therefore, has no effect in a direction at right angles to 
its own line of action. 

If we resolve a force into two components at right angles to 
one another, each component has no effect in the direction of the 
other. In such a case each component represents the total effect 
the original given force has in the particular component direction. 
Rectangular components are not merely components — each rectan- 
gular component represents a net effective value of the given force. 


7>re /ior-rvcuroC 

— puCC ort bCocJo cLec^TbOLstLs 



SClCci€^ 



ObrecCcor^ 




Fig. 30. — Effective Value of a Force 


Example (i). — Taking the case referred to above, in which a 
slider block is constrained to move by guides in a horizontal direction, 
find the effective forward pull on the block under the conditions given 
in Fig. 30. 

Method. — Draw * OA ' to represent the given force of ‘ 100 lb.' 
On ' OA,' as hypotenuse, construct a right-angled triangle 
' OAB,' with one side * OB ' in the direction in which the effective 
force is required, i.e. horizontal in this case. ' OB ' will represent 
the required forward pull on the block. The value of the pull 
will be found to be 50 lb. If the resistance to forv^ard motion, 
due to friction, etc., should equal 50 lb., the block would not 
move forward in spite of the fact that the total force acting on it 
is 100 lb. 
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Example (ii). — Whai tendency has the force given in Fig. 31 
(a) to lift the body at right angles to the inclined plane, (b) to pull the 
body up the plane ? 




Fig. 31. — Effective Force Values. 

Note the construction of the right-angled triangle in Fig. 31, 
with the sides containing the right angle drawn in the directions 
referred to in the question. Vector line ' OB ' scales ‘ 2 cwts.' 
and represents the lifting tendency at right angles, to the plane. 
* BA/ which is parallel to the plane, represents the up-plane 
tendency and scales 3*46 cwts. 

Example (iii). — Fig. 32 shows a block of stone weighing 200 lb. 



Fig. 32. — Resolution of Self-weight. 


resting on an inclined banker. Find the effective down-plane weight 
of the block. In this case we must construct a right-angled triangle 
with one of the sides (containing the right angle) in the down- 
plane direction. As indicated in Fig. 32, the effective force of 
gravity down the plane is 68*4 lb. 

Horizontal and Vertical Components 

Very often in structural problems the rectangular components 
are required to be in the horizontal and vertical directions 
respectively. 
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It is not always convenient to find these components graphically, 
by the construction of resolution triangles. A simple formula 
involving the trigonometrical cosine is often employed (see Fig. 33). 

Rule . — To find the effective value of a force in a direction 
making an angle ‘ 0 * with its own line of action, multiply the 
force by the cosine of ‘6.* 



Fig. 33. — Formula for Rectangular Components. 


In big. 33 (left)— where ‘ 0 ' is the angle made by the force 
* h ’ with the horizontal — the horizontal component is ^ F cos 0 / 
Similarly, the vertical component is ‘ F cos a ' where * a ’ is the 
angle made by force ' F ' with the vertical. As a -= 90° — 0, we 
may express the vertical component, if desired, as * F sin 0/ 
The reader is advised, at first, to use only the cosine rule in 
finding rectangular components and to ascertain in each problem 
the angle between the given force direction and that in which the 
effective component value is required. 



^ SP»C£ — - /?£:sai.<y77aA/ — 

Fig. 34. — Determination of Components. 
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Example. — A force of 400 lb. acts at an angle of 60® to the 
horizontal [Fig. 34). Find its horizontal and vertical components. 

Angle between the given force direction and the horizontal = 
60°. Cos 60" — *5. Using the cosine rule, the horizontal com- 
ponent = F cos G = (400 X *5) lb. = 200 lb. 

Angle between ' F ’ and the vertical = 30®. Cos 30® = -866, 
therefore the vertical component = F cos 0 = F cos 30® = 
(400 X *866) lb. 346-4 lb. 

There should be no difficulty in determining, in any given reso- 
lution example, whether the horizontal component acts towards 
the left or the riglit, or whether the vertical component acts 
upwards or downwards. Apart from the rules already given for 
arrow heads, imagine a particle to be acted upon by the given 
force. The general tendencies of motion of the particle, left or 
right, up or dowm, can be readily decided upon. 

Example. — Fig. 35 shows a btUiress subjected to an arch thrust. 
Find the tendency the thrust has (i) to move the abutment horizontally. 
(ii) to increase the load on the buttress foundation. 

The problem is solved graphically in Fig. 35. 



Lig. 33. — ThrUvST of an Arch. 


Using the cosine rule : 

(i) horizontal component of force = F cos 0 = (10000 X cos 
34°) lb. = (10000 X -829) lb. == 8290 lb. 

(ii) vertical component of force = F cos 0 = (10000 X cos 
56°) lb. = (10000 X *5592) lb. = 5592 lb. 

Concurrent Force System reduced to Rectangular Com- 
ponents 

The net or resultant horizontal effect of a system of forces will 
be the algebraic sum of the horizontal components of the various 



24 INTRODUCTION TO STRUCTURAL MECHANICS 

forces forming the system. Similarly the algebraic addition of 
the vertical components will give the real vertical effect of the 
system. 

' Algebraic addition * simply means : adding together all the 
components in one direction {say, to the right) and then adding 
together all the components in the opposite direction {i.e. the left), 
and finally subtracting the smaller total from the larger. 

Example. — Find graphically, and by the cosine rule, the resultant 
horizontal and voiical components, respectively, of the force system 
given in Fig 36. 



— SP^CE ^ /^ESOJUurrOA/ 

Fig. 36 — ‘ H ’ and ‘ V ' f^r a Concurrent Sysiem 

A tabular method may be used with advantage in this case. 



Hon?outal Component. 

VerticaJ Component 

Forcf 

Cwts 

To Right 

To Left 

1 Up j 

Down. 


Cwts 

Cwts 

,! Cwt, 1 

Cwts 

15 

7-50 

— 

1 12-99 1 


10 

8-66 1 

— 

1 — 

5-00 

20 

— 

17 32 

— 

10-00 

Totals 

i 6 -i 6 

17-32 

12-99 

1500 

Net horizontal force = 

= (17-32 - 

i6-i6) cwts. to left 


= i*i6 cwts. to left. 

Net vertical force = (15-00 — 12*99) cwts. down 
“ 2*01 cwts. down. 

It is sometimes convenient to adopt a convention of signs, plus 
and minus, to indicate force direction. 
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Fig. 37 shows the usual convention. Appl3hng these signs, and 


* , 


-f* tjp 

4 - 


€to0^ j 

Fig 37. — CoNVKNTioN of Signs. 


emplo)dng the symbols * H ' and ' V * respectively for the total 
of horizontal and vertical components, we have : 

H — (7*5 + 8*66 — 17*32) cwts. = — i*i6 cwts , 
i.e. i*i6 cwts. acting towards the left. 

V == (i 2*99 — 5 — 10) cwts. = — 2*01 cwts., 
i.e. 2*01 cwts acting downwards. 

The figures in the table may be filled in by grapliical oi by cal- 
culation methods. 

The usual practical method for dealing with such problems as 
these is to use the * cosine rule ' with the prefixing of signs. 

Thus H = 15 cos 60° + 10 cos 30® -- 20 cos 30® 

= (15 X * 5 ) + (10 X *866) — (20 X *866) cwts. 

= (7*5 + ^*66 — 17*32) cwts. 

= — i-i6 cwts., i.e. i*i6 cwts. to left. 

V = 15 cos 30® — 10 cos 60® — 20 cos 60® 

= (15 X *866) — (10 X *5) — (20 X * 5 ) cwts. 

= (i2*99 — 5 — 10) cwts. 

= — 2*01 cwts., i.e. 2-01 cwts. downwards. 

Example. - Ftg. 38 illustrates a portion of a retaining wall acted 
upon by three forces, viz. its own weight and two earth thrusts. 
Obtain (i) the resultant force tending to cause the wall to slide over 
its foundation, (ii) the total vertical thrust on the subsoil under the 
wall base. 

The forces in this example are not concurrent but the principles 
of horizontal and vertical resolution may be applied. 

Solution by Graphical Method. — The only inclined force is the 
' 8000 lb.' earth thrust. By the resolution diagram of Fig. 38, 
the horizontal and vertical components of this force are ' 6028 lb.' 
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Fig. 38. — Non-concurrent System. 


and ' 4000 lb/ respectively. The other two forces require no 
resolution. 

(i) Total horizontal component of system tending to cause 
sliding = (6928 — 600) lb. = 6328 lb. 

(ii) Total vertical thrust on subsoil = (20000 + 4000) lb. = 
24,000 lb. 

Solution by Cosine Rule! 

(i) Total horizontal component = (8000 cos 30® — 600) lb. 

= {8000 X *866 — 600) lb. 

= (6928 -- 600) lb. = 6328 lb. 

(ii) Total vertical component = (20000 + ^000 cos 60®) 

= (20000 -|- 8000 X * 5 ) lb. 

= (20000 + 4000) lb. 

= 24,000 lb. 

This type of problem is further considered in Chapter XV. 

Resultant of a Concurrent System of Forces 

The resultant of a concurrent system of forces may be con- 
veniently obtained by means of rectangular components. It is 
usual to arrange for the axes of resolution to be in the horizontal 
and vertical directions respectively. 

Rule . — Resolve all the forces into their horizontal and vertical 
components (see Fig. 39). Find ‘ H ' and * V,' the algebraic sum 
of the components in each case respectively. Using the parallelo- 
gram of forces law, compound ‘ H ' and ‘ V ' into their resultant 
‘ R.' 
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Alternatively, we may obtain ‘ R ' by the expression i 
R* = H* + V> or R = V«: 

The graphical method will give the direction of the resultant. If 
1 he formula above be used, the direction of the resultant may be 
obtained by trigonometry. 

Let ' 6 ' be inclination to the horizontal of the resultant. Then 
tan 6 = V H, i.e. 

Example. — Find the resultani of the concurrent force system 
given in Fig. 39, by means of horizontal and vertical components. 

The total horizontal and vertical components, as obtained in 
Fig. 39, are -884 cwts. to left and *932 cwts. upwards, respectively. 
It is left as an exercise for the reader to check the separate com- 
ponents by the cosine rule. 



Fig 3g — R esuitant of Concurrent System. 


The graphical solution gives 1*28 cwts. as the resultant, acting 
in the direction indicated in the parallelogram of forces. By 
calculation ; 

Ra H* + V*, i.e. R* = -884* + *932* 

R rrr \/-884* + *932* cwts. 

^ 1-28 cwts. 

If the icsultant act at ' 0 ' to the horizontal, 

tan 0 = V/H = = 1-054 

6 (from tug. tables) 46 J'" nearly. 

It is advisable, in the calculation method, to draw a sketch 
diagram showing ' H ' and ‘ V ' in their correct directions, so as 
to avoid any risk of error in the direction of ' R.' 
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Exercises 2 

(i) Resolve each of the forces given in Fig. 40 into components 
which act in the directions of the respective broken lines shown 



? 1 G 40 

(Note : The cosine rule must not he used unless the two required 
components are at right angles to one another.) 

(2) A skip is pulled along its rail track in the manner indicated 
in Fig 41. Find the effective tractive force in the direction of 
travel. 



1 10 41 

(3) In Fig 42 tlie peg is inclined at 30® to the vertical and the 
rope makes an angle of 45'' with the horizontal. If the friction 
of the earth round the peg can only exert a resistance to with- 



\ 


Fig 42 


Eig 43. 
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drawal (in the direction of the length of the peg) of 40 lb., find 
the maximum safe pull in the rope. 

(4) What is the effective horizontal withdrawal force on the 
bolt given in Fig. 43 ? 

(5) Find the horizontal and vertical components of each of the 
forces given in Fig. 44. 



Fig. 44. 


(6) Calculate the total horizontal and vertiral components 
respectively of the concurrent system of forces shown in Fig. 45. 

(7) Find the magnitude and direction of the resultant of the 
system of dead and wind loads shown in Fig. 46 : (i) by graphical 
construction, (ii) by calculation of components. 



Fig. 45. riG. 46. 


(8) A retaining wall is subjected to a resultant thrust ot 
10,000 lb. for every foot length of wall. The resultant thrust 
makes an angle of 70° with the horizontal. Calculate the resist- 
ance to sliding which the foundation must be able to provide if 
it is to exceed the horizontal sliding tendency by 50 per cent. 

(9) A single timber shore is supported at the bottom by a 
horizontal timber balk. The thrust in the shore is 2000 lb. If 
the connection at the bottom of the shore has a safe resistance 

S.M. — 2 * 
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to horizontal movement of looo lb., find the minimum per- 
missible angle the shore may make with the horizontal. 

(lo) The main rafters in a roof truss are inclined at 30° to the 
horizontal. The truss is subjected to a resultant wind load, on 
the left slope, of 6000 lb. The left end of the truss is supported 
on a roller and provides no resistance to horizontal movement. 
Calculate the horizontal force which the right end reaction must 
provide to maintain equilibrium. (A wind load acts at right 
angles to the roof slope.) 



CHAPTER III 


CONCURRENT FORCES. GRAPHICAL LAWS OF 
EQUILIBRIUM 

Bow’s Notation 

It is essential that the reader should become familiar wth an 
extremely useful method of designating forces. We have hitherto 
described forces as ‘ force P ’ or ' force (i)/ etc. An engineer 
named ‘ Bow ’ devised the following notation scheme, which is 
largely used in the solution of graphical pioblems. 

In each space, formed by the various lines of action of the 
forces in the 'space diagram,* a capital letter is placed. Any 
given force is then described by the pair of letters whicn lie on 
either side of its line of action. Ing. 47 illustrates the use of this 
method and gives the notation for each force, corresponding to 
the two possible sequences for taking the forces, viz. ‘ clockwise * 
and ' anticlockwise.* 

fb>rc&s 



It is extremely important to note the order of the precedence 
of the capital letters, e.g. it would be a serious error to confuse 
' AB ’ with ' BA ' in practical problems. 

31 
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In the force diagram, corresponding small letters are used at the 
ends of the vector lines. Thus * ab' in the force diagram would be 
drawn parallel to, and represent to scale, the force ' AB ’ in the 
space diagram. Similarly, ‘ ba * would represent * BA,' in 
magnitude and direction. 

Triangle of Forces 

The two upper diagrams in Fig. 48 show the derivation of ' R,’ 
the resultant of forces * P ’ and ' Q,' by means of the type of 
vector diagram explained in Chapter I. A force ' E ' (‘ equili- 
brant '), equal in magnitude to ‘ R ' and acting in the opposite 
direction, would balance ' R ' and therefore balance ‘ P ' and ' Q.' 
Forces * P,' ' Q ' and ' E ' acting together would therefore con- 
stitute a system of three concurrent forces in equilibrium. It 
will be clear that if we draw vector lines in succession to represent 
forces ‘ P,’ ' Q ’ and ‘ E,' a inangle will be formed. This triangle 
is known as the ‘ triangle of forces * for the three given forces. 


O 



^ 5 -/? 

THrai /hr-ecs OT, o/ /hrCjCJ 

Fig 48. — Three Forces in Equilibrium. 

Law. — If three forces, acting at a point, be in equilibrium, they 
may be lepresented in magnitude and direction by the three sides 
of a triangle, taken in order. The ‘ triangle of forces ' law is best 
expressed for structural calculations in the terms given, and not 
in the more usual converse form, which gives the necessary 
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qualification for three concurrent forces to be in equilibrium, viz. 
that a ' triangle should be formed.* 

Any triangle whose sides are parallel to the lines of action of 
the three given forces will have its sides respectively proportional 
to the magnitudes of the forces. If, therefore, we represent one 
of the forces to a certain scale, the remaining sides of the triangle 
will represent the two other respective forces to the same scale 
(Fig' 49)' 




Fig. 49 —The Triangle of Forces. 


rhe usual problem, involving the employment of the ' triangle 
of forces,' is to be given one of the three concurrent forces com- 
pletely, but only the lines of action of the other two. The law 
enables us to find (i) the magnitudes of the two unknown forces, 
(ii) the ‘ sense ' in which the unknown forces act, i.e. whether they 
act respectively * towards ' or ‘ away from * the point of con- 
currence. The latter information decides whether the corres- 
ponding member is a ' strut ' or a ' tie.' 

Experimental Verification of Law 

The triangle of forces law may be experimentally verified by 
means of the apparatus shown in Fig. 50. 

The three concurrent forces are represented by (i) the sus- 
pended weight, -5 lb., (ii) the pull in the left-hand string, *45 lb., 
and (hi) the pull in the right-hand string, -4 lb. The string pulls 
are obtained from the corresponding weights suspended over the 
side puUe}^, on the assumption that the friction at the pulley 
bearings may be neglected. 

As shown in Fig. 50, a space diagram is drawn for the three 
forces. The -5 lb. is represented by a vertical vector line drawn 




eXPEftMeNTfU. VEPifICPTiOJ Qfl 

re/EJNCLe of foqcf.5. 



Fig 50. 

TO a suitable scale. Vector lines are then drawn in succession to 
represent the string pulls of -45 lb. and *4 lb. respectively. It 
will be seen that the force diagram thus constructed is a ' triangle.’ 
The reader will note the employment of ' Bow's notation ' in the 
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drawing of the force diagrams in the experiment and in Fig. 49 
respectively. 


Examples on the ‘ Triangle of Forces ' 

The law has many applications in structural problems, and a 
few typical examples will now be considered. 

Example (i). — Find the tension in each rope in the example 
given in Fig. 51. 

Step (i). — Draw a space diagram showing the correct disposition 
in space of the forces concerned. In this case, the angles ' 30® ' 
and ' 60° ’ determine the rope directions. 



GDrre^poncCc^^ CLr-n 
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Fig. 51.— Example on Triangle of Forces. 


Step (ii). — Insert Bow's letters in the spaces formed by the three 
forces involved in the example. In this solution, * AB ’ denotes 
the weight ‘60 lb.,' * BC ' and ‘ CA ' denote, respectively, the 
rope tensions. 

Step (hi). — Choose a convenient force scale and draw * ah' \o 
represent the weight, ' 60 lb.' Force ' AB ' acts vertically down- 
wards, hence the vector line ' ah ' should be drawn in a downward 
direction by the pencil point. The first letter in ‘ AB ' is ‘ A,’ 
hence the letter to be placed where the pencil point starts is * a.' 
If we had decided to take the forces in anticlockwise sequence, 
the weight would be represented by ' BA,' and the top of the 
vector line representing this force would have been ‘ h.' 

Step (iv). — Complete the triangle of forces by drawing ' he ' from 
‘ h ’ parallel to force ‘ BC,' and ‘ ac ' from ‘ a ’ parallel to force 
' CA.' It is necessary to draw the last vector line from ‘ a ' m 
order to fix the point ' c.' 
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Step (v). — We now have a triangle with its sides parallel to the 
given forces and the force scale for one of the sides known. To 
obtain the magnitudes of the unknown tensions we simply have to 
scale off (to force scale used for constructing ' ab *) the vector 
lines ' be ' and ' ca.* 


Example (ii). — A weight 0/2 cwts., suspended from the end of 
a crane jib, is pulled by a horizontal force in the manner shown in 
Fig. 52. Determine the value of the horizontal force and the tension 
tn the upper portion of the chain. 

\ 




Fig 52. 


The problem is solved in Fig. 52, The reader should follow 
the solution, step by step, as indicated in the previously worked 
example. 

Example (iii). — A wall bracket is used to carry a weight of 100 lb. 
as indicated in Fig. 53. Determine the force in each projecting 
arm of the bracket and state its nature. 


s' 

I 

j. 

Fig. 53. 


^ .spcuoe, 

ttujusIj be to co 

^acxjLe 

\\ to 

B j^rces SC'cLrr^ 

C I 

/00CS3 t> 


/7rrofyr o!s 

/ ptauoe<i/cn 
\yx^aj^ram 


etr/iofy 
es thzns^/krneci 
th ' 30 * 



CONCURRENT FORCES 


37 

In this example we require a linear scale for the space diagram 
in order to construct correctly the directions of the three forces 
acting at the extremity of the bracket. The arrow directions, 
derived from the triangle of forces, are inserted in the space 
diagram on the appropriate members, near the junction of the three 
force lines. Member ' BC ' is a strut (thrust = 6o lb.) and 
member ‘ CA ' is a tie (pull = So lb.). 

Example (iv). — Determine the force in the principal rafter and 
the tension in the tie of the roof truss given in Fig. 54. 



Fig. 54. 

The principal rafter is a strut and exerts a thrust of 4016 lb. 
The tension in the inclined tie is 3279 lb. 

Theorem relating to Three Forces in Equilibrium 

The following thcoiem will be found useful in solving problems 
involving three forces in equilibrium. 

If three forces acting on a body keep it in equilibrium^ they must 
either be parallel forces or all their lines of action must pass through 
one common point. 
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Fig. 55. 
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We are only concerned with the latter part of the theorem in 
this chapter. Consider the three forces ‘ AB/ ‘ BC/ and ' CA * 
in Fig. 55. We may replace ‘ AB ' and ' BC ' by their resultant 
* R.' Force ' CA ’ will therefore balance ' R/ i.e. it will act in 
exactly the opposite direction. Clearly, then, it will pass through 
' 0 ,' the point in which forces ' AB ' and ' BC ' intersect. 

Example (i). — In Fig. 56 it may be assumed that the reaction 
at the left end of the truss is vertical. Determine the value of each 
reaction for the conditions given. 



The direction of the reaction at the right end of the truss not 
being given, we make use of the foregoing theorem to determine 
it. The problem then reduces to a system of three forces (acting 
at point ‘ O ') in equilibrium, and is solved as in Fig. 56 by the 
* triangle of forces.' 

The left-end reaction = 433 ^b. The right-end reaction acts 
in the direction indicated and its magnitude = 661 lb. 
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Fig. 57. 
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Example (ii). — A ladder [Fig. 57) rests against a smooth wall. 
Taking the conditions given, determine the reactions at the wall and 
at the ground respectively. 

As the wall is smooth and cannot exert any frictional force on 
the ladder end, the reaction at the wall is horizontal. The lines 
of action of this reaction and the weight respectively intersect at 
the point ‘ O.' Hence the ground reaction passes through ' O.' 
A triangle of forces is now drawn for the three forces, in equili- 
brium, passing through * 0 .' The direction of the ground reaction 
is as given in the space diagram, its magnitude = ca = 427 lb. 
The wall reaction = Jc — 15 lb. 

A method of solution, by calculation, of problems involving 
three forces in equilibrium is given in Chapter V. 

Polygon of Forces 

The graphical method for finding the resultant of a concurrent 
force system is explained on page 12. Let us suppose that we 
applied this construction to a force system known to be in 
equilibrium- -a system which has, of course, no resultant force. 
It is clear that there must be no distance between the final and 
initial points of the diagram, as the resultant equals zero. It 
appears, therefore, that for a system in equilibrium the force 
diagram must be a closed figure (Fig. 58). We have, thus, the 
following law of equilibrium, known as the ^ polygon of forces ’ 
law. 

‘ If a number of forces acting at a point be in equilibrium, the 
forces may be represented in magnitude and direction by the sides, 
taken in order, of a certain closed polygon.^ 




D//^CPPM. popc/z 

Fig. 58. — The Polygon of Forces. 
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The word ' certain * has been introduced into the definition to 
ensure that the reader will not assume that any polygon whose 
sides are parallel to the given force directions will necessarily 
represent all the forces to some given scale. 

The terms of this extremely important law have been expressed 
in the form required for application to structural problems. 
Simply, the law states that if we draw vector lines, one at the 
end of the other, to represent the forces (taken in any convenient 
sequence), the force diagram formed will be a closed polygon, 
provided the force system be in equilibrium. The vector lines 
must be drawn with the pencil point travelling in the sense indi- 
cated by the arrows on the corresponding forces in the space 
diagram. 

The usual problem is to have a number of forces, in equilibrium, 
acting at a point (such as a joint in a roof truss), the lines of 
action, but not the magnitudes, of all the forces being known. 
Not more than two forces must be unknown in magnitude. The 
* polygon of forces ’ law is applied to determine the unknown 
magnitudes. 

The polygon of forces law may be verified by apparatus such 
as that shown in Fig. 59. The special wall-board apparatus, 
given in Fig. 50, for the ‘ triangle of forces ' law, is also suitable. 



In actual experiments of the type indicated fine string should 
be used as the weight of the siring is neglected. 

Example (i). — Test for equilibrium the system of forces given in 
Fig, 60. 

It will be seen, from the figure given, that the force diagram 
closes, hence the svstem is in equilibrium. 
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It is usual in employing Bow's notation to take the forces in a 
clockwise sequence around the common intersection point, though 
this is not essential. After drawing ' ah ' upwards to represent 
force ' AB/ i.e. ‘ 6*33 cwts./ ' be* is drawn from ‘ 6 ' to represent 
' BC,' i.e. ' 4 cwts.' The vector line ‘ ea * eventually closes the 
diagram. 

Note (i) the correspondence of letters throughout, e.g. ‘ de/ is 
parallel to force ' DE ' ; (ii) the arrows go round the figure with- 
out reversal, i.e. they are ' in order * ; (iii) it would not matter 
if the vector lines in the polygon crossed one another. 

Example (ii). — Fig, 61 represents four concurrent forces acting 
in a structural joint. The four forces are given in direction, hut 
two are unknown in magnitude. Find the magnitude of the latter 
two forces. 



Fig. 61. — Joint in Timber Truss. 


This problem, which is solved in Fig. 61, is the basic problem 
involved in stress diagram construction (which is considered in 
Chapter VIII). 

\^ector line ' da* is drawn to represent force ‘ DA ' (1500 lb.) 
and ‘ ' is drawn from ' a* io represent force ‘ AB ' (1000 lb.). 

We cannot draw ' be * directly because force ‘ BC ' is unknown. 
If we draw from * 6 ’ a line parallel to * BC ' and from * d* di line 
parallel to ' CD,' the point ‘ c * will be where these two lines inter- 
sect. Vector line ‘ be * (to scale of force diagram) scales ' 500 lb.' 
and ‘ cd * scales ‘ 1000 lb.' The arrows are continued round the 
force diagram ‘ in order * and transferred to the space diagram. 

‘ BC ' is a strut with a thrust of 500 lb., and ‘ CD ’ is a strut 
with a thrust of 1000 lb. 
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Exercises 3 

(1) Determine the force in each rafter of the truss shown in 
Fig. 62. Verify that the rafters act as struts. 

(2) Find the force in the tie member of the truss (Fig. 62) by 
drawing a triangle of forces (i) for the left-end reaction point, 
(ii) for the right-end reaction point. The force in each rafter 
must first be found or the answers for question (i) assumed. 

(3) Obtain the forces, in the ' tie ' and the ' jib ’ respectively, 
of the jib crane represented by the outline diagram given in 
Fig. 63. Is tlie jib in tension or compression ? 



Fig. 62. Fig. 63. Fig. 64. 


(4) Assuming, in the case of the jib crane given in Fig. 63, that 
the rope carrying the weight passed over a free-running pulley 
and ran parallel to the crane jib, determine the ‘ jib ' and * tie ' 
forces respectively. 

(5) A signboard is supported outside a wall in the manner 
indicated in Fig. 64. Assuming the upper hinge to be capable 
of exerting a horizontal reaction only, find (i) the direction of the 
reaction at the lower hinge, (ii) the magnitude of each reaction. 



Flo. 66. 


Fig. 65. 
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(6) Certain building regulations require the ‘ suction ' effect on 
a roof, due to wind pressure, to be taken separately from the 
' windward ’ loads. Taking the case given in Fig. 65, determine 
the support reactions for the truss. The reaction at the free 
end is vertical. 

(7) A trap door is temporarily held in a horizontal position by 
a rope (Fig. 66). Assuming the particulars given, find the 
reaction at the hinge and the tension in the rope. 



(8) Verify that the concurrent system of forces given in Fig. 67 
is in equilibrium. 

(9) Fig, 68 shows the apex joint in a steel roof truss. Find the 
magnitude and nature of the forces in the members marked * X ' 
and * Y ' respectively. 

(10) The vertical load at a joint in a braced girder is 2 tons 
(Fig. 69). The forces in members ‘ AB ' and ‘ BC ' are 3 tons 
and 8 tons respectively, acting in the sense indicated by the arrow 
heads. Determine the forces in members ' DE ' and ' EA ' 
respectively. State whether the members are ' struts ’ or * ties.' 


Ztans 



Fig. 69. 



CHAPTER IV 


MOMENTS. PRINCIPLE OF THE LEVER 

The previous chapters have dealt with the translational effect of 
forces, i.e. their tendency to move bodies from one position to 
another. A force may, however, have a rotational effect on a 
body, tending to turn it round some given point which acts as a 
hinge. In Fig. 70 {a) the force ‘ F ' would turn the disc in 
a clockwise manner of rotation about the hinge ‘ O.' In Fig. 70 [b] 
the force would cause an anticlockwise rotation about ' O.' To 
express these turning effects correctly we would say that the disc 
in Fig. 70 {a) turns as indicated because it is acted upon by a 
' clockwise moment,' Similarly, an ' anticlockwise moment * is the 
cause of the rotation indicated in Fig. 70 (i). 

‘ Moments ' are therefore concerned with rotational effects and, 
as we will see, play a very important part in structural calcula- 
tions. 

Moment of a Force 

In considering the rotational effect of a force on a body we 
must have in mind some definite point about which the turning 
tendency is to be measured. The point concerned is usually 
referred to as the 'fulcrum.' Thus ‘ O ' is the 'fulcrum' in 
Fig. 70. 

If we wish to open a door, i.e. subject it to a turning moment 
about the hinge, we must clearly exert a force on it. But a force, 



(^) 


Fig. 70. — Types of Moments. 
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however big, applied at the hinge will be of no avail. We must 
apply the force at some distance from the hinge, and expenence 
shows that the farther we get from the hmge the easier will be 
the operation of opening the door This, of course, accounts for 
the position of the door knob 

Furthermore, it is when we pull at right angles to the door 
that we get the best turning effect Even if we do pull at the 
knob, there will be no tendency for the door to open if the line of 
action of the pull passes through the hinge (see Fig 71) The 
way m which * distance ' enters into the measurement of a 
' moment * must therefore be carefully considered 



Measurement of a Moment. — Two quantities are involved in 
expressing the value of a ‘ moment ’ or ' turning effect * \ 

(1) The magnitude of the applied force 

(2) The perpendicular distance between the line of action of the 
force and the point about which turning is being considered, 1 e 
the fulcrum This distance is termed the ' arm of the moment ' 

The value of the ' moment ' increases directly as these two 
quantities increase, so that we multiply them together to obtain 
the actual moment. 

Definition The moment of a force about a given point is the 



Fig. 72 — IMkasurement of a Moment 
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product of the force and the perpendicular distance from the point 
to the line of action of the force. 

Moment = Force x arm. 

In Fig. 72 the moment of the force ' F ’ about the point * O ' 
= h^orce x arm 
= (F X a) units. 

Examples of Moments (see Fig. 73) 

In each of the examples given ' O ' is tlie ooint about wliich the 
moment is taken. ‘ C.W.’ will be used to denote a ' clockwise 
moment ' and ‘ A.C.W.’ will denote an ' anticlockwise moment.' 




Example ‘ a ' 

Moment of 10 lb. force about ‘ O ' = Force x arm 

= 10 lb. X 15 ins. 

= 150 lb. ins. (A.C.W.). 

Note. — The unit used to express a ‘ moment ' must contain 
both * force ' and ‘ distance ' units. To determine whether a 
moment is ' C.W.' or ' A.C.W./ imagine the ‘ arm ' of the moment 
to be a crank acted upon by the given force. If the ' crank ’ 
tends to turn like the hands of a clock the moment is ' clockwise.' 
Similarly, an ' anticlockwise ' moment may be determined. 


Example * b ' 

Moment = Force x arm 
= 2 tons X 3 ft. 

= 6 tons ft. (C.W.). 

If the value were required in ' lb. ft.' units, the moment would 
be (6 X 2240) lb. ft. In ' lb. in.' units, the value would be 
(6 X 2240 X 12) lb. ins. 



48 INTRODUCTION TO STRUCTURAL MECHANICS 
Example ' c ’ 

Moment = Force x arm 
= 4 cwts. X 0 
= o. 

The reader should remember that a force has no moment about 
a point on its own line of action. 

Example ‘ d * 

Moment of suspended weight about the axle of the wheel 
== Force x arm 
== 5 lb. X (2 cos 6o°) ft. 

= 5 lb. XI ft. 

= 5 lb. ft. (C.W.). 

Note how the ‘ arm ' is measured in this example. 



Examp u (see Fig. 74) 

Moment of applied vertical force of 12 lb. about the given 
fulcrum = Force x arm 

~ 12 lb. x (4 cos 30®) ft. 

- 41-57 lb. ft. (C.W.). 

Example (see Fig. 75) 

Moment of reaction at * A ' about fulcrum at ' B ' 

= Force x arm 

= R^ tons X 5 ft. = (R^ x 5) tons ft.. (C.W.). 

Moment of load * tons about ‘ B * = (W^ X 4) tons ft. (A.C.W.). 
M M .. „ „ = (W3 X 2) tons ft. (A.C.W.). 
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Fig. 75. — Application in Beams. 


Resultant Moment. — When a body is acted upon by several 
forces, each of which is trying to turn it about a given fulcrum, 
the net turning effect, i.e. the ' resultant moment/ is the algebraic 
sum of all the separate or ‘ component ’ moments. This simply 
means that we have to take the moment of each force about the 
fulcrum, add together all those moments which are clockwise and 
similarly all those which are anticlockwise and finally subtract 
the smaller of these totals from the larger. 

hZxAMPLE (i),“ A uniform rule is freely supported at its middle 
point (Fig. 76). Fhxd the manner in lohich the rule will begin to 
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Fig. 76. 


turn when loaded as indicated in the figure, 
moment about the fulcrum. 


A.C.W. Moments 
4 lb. X 6 ins. = 24 lb. ins. 
6 lb. X 3 ins. = 18 ,, ,, 

Total A.C.W. 
moment = 42 lb. ins. 


Calculate the resultant 

C.W. Moments 
2 lb. X 2 ins. = 4 lb. ins. 

5 lb. X 6 ins. = 3 0 » 

Total C.W. 

moment = 34 lb. ins. 


The totals indicate that the rule will turn in an anticlockwise 
manner. The resultant moment about the fulcrum 
== (42 — 34) lb. ins. = 8 lb. ins. (A.C.W.). 

Example (ii). — The moments disc in Fig, 77A is supported in 
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such a way that there is no tendency to turn when unloaded. Calcu- 
late the resultant moment about the fulcrum when the disc is loaded 
in the manner indicated. 



Fig 77A. 


Fig 77B — Forci s Frame with 
Detachable Board 
The load weights clear one 
another 


The tabular method used in the last example is not usually 
adopted in the solution of * moments problems/ 

lotal A.C.W. moment = 5 lb. X 5 ins. 25 lb. ins. 

Total C.W. moment = (3 lb. X 4 ins.) + (4 lb. X 6 ins.) 

= (12 + 24) lb ins. 

= 36 lb. ms. 

Resultant moment about fulcrum = (36 — 25) lb. ins. 

= II lb ms. (C.W.). 

Fig. 77B shows a modern form of wall-board apparatus, made 
by Messrs. G. Cussons Ltd., which may be used in experiments 
illustrating the principles of ' rotation.' It is suitable for general 
use in experiments dealing with co-planai forces. 


Principle of the Lever 

Let us apply the methods used in the last two examples to the 
case given in Fig. 78. 
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Total A.C.W. moment = [(6 X 6) + (3 x 2)] lb. ins. 

= (36 + 6) lb. ins. = 42 Ib. ins. 
Total C.W. moment = [(4 x 3) + (5 X 6)] lb. ins. 

= (12 + 30) lb. ins. = 42 lb. ins. 
Resultant moment = (42 — 42) lb. ins. = zero. 
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Fig. 78. 


The result indicates that the lever will not tend to turn about 
the fulcrum. This example illustrates a very important law or 
* principle y* which for practical application may be stated as 
follows : 

If a simple lever y capable of turning about a given hinge point 
or * fulcrum,* be loaded in such a manner as to keep it in equilibrium, 
the sum of all the clockwise moments taken about the fulcrum will 
equal the sum oj all the anticlockwise moments. 

Just as a body cannot be in positional equilibrium if acted upon 
by a net resultant force, so it cannot be in rotational equilibrium 
if a resultant moment act on it. 


Experimental Verification of the Principle of the Lever 

Fig. 79 shows a typical arrangement of apparatus for verif5dng 
the principle in the case of a uniform rule with the fulcrum at the 
centre. The table on page 53 (Fig. 79A) gives detailed results 
illustrating the nature of the principle involved. 

Examples : 

In all the following examples, the weight of the ‘ lever ' will be 
neglected. The method of allowing for the * self-weight * of 
members in such examples will be explained later. 

(i) Calculate the value of * x* for equilibrium in the case given 
in Fig, 80 (a). 

A.C.W. = C.W. 

(4 X ;r) = (2 X 10) 

^ 2/0 
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Expt 

Anticlockwise Moments. j 


Clockwise Moments. 


1 1 

j Force. ] 
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Fig 7QA 


Care must be exercised to have the * force ' and ‘ length * units 
consistent throughout. The units may then be omitted from the 
values in the ' equation of moments,' 

(ii) Find ' W ' (Fig. 8o [b)) so that the lever may remain in equi- 
librium. 


krvu>5 


1 


^ 


ac J-i- /o 

r 1 ! 


4 ." ^ G" ^ 2 

0 

^ - 0 — ^ 


^U>s 


Ccu) 


aU?s /2.16s 


ec6s 

(b) 


^U>s 


Fig. 8o, 


A.C.VV. = C.W. 

12 X 10 = (6 X 2) + (4 X 10) + (W X 6; 

120 — 12 — 40 = 6W 
6W = 68 
W = iij lb. 

(iii) Fig, 81 [a) shows a trap door freely hinged at one end and 
resting on a steel beam at the other. Find the reaction exerted by 
the steel beam for the given loads, 

S.M. — 1 
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Fig. 8i. 


Taking moments about the hinge : 

CAV. = A.C.W. 

(R X 4) = (4 X 3-5) + (2X2) 

4R = 14 + 4 = 18 
R = 18/4 cwts. = 4*5 cwts. 

(iv) Calculate the value of the effort ' E ’ {Eig- 81 (b)) in order that 
the applied load of 100 lb, may he just balanced. 

In all problems of this type care must be taken to obtain the 
correct ' arm ’ dimension for each moment. 

Taking moments about the fulcrum of the cranked lever : 

c:\v. == A.C.W. 

E X 24 sin 45° = 100 X 12 
E X (24 X *7071) = 1200 
E — 1200/16*97 — 70*71 lb. 

If the effort had been applied at right angles to tlie lever, the 
' moments equation ' would have been : 

E X 24 == 100 X 12 
E - 50 lb. 

Readers unfamiliar with trigonometry may obtain the necessary 
‘ moment arms ’ by direct measurement off a scale drawing of the 
given example. 



Fig. 82, — Compound Lever. 
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(v) Fig. 82 gives details of a compound lever used in testing 
specimens in a cement briquette testing machine. Calculate the pull 
on the specimen corresponding to a test load of 10 lb. at the end of 
the lever arm. 

Stei) I. — Find the pull in the link by taking moments about 
fulcrum * Fj.' 

Let ' L ' lb. = pull in link. 

L X 2 == 10 X 22 
L = no lb. 


Step 2. —Take moments about fulcrum ' F2/ using the value of 
‘ L ' found in Step i. 

Let ‘ P ' lb. = pull exerted on specimen. 


P X 3 L X 18 
• V — ^ 

” 3 


= no X 18 
== 660 lb. 


Calculation of Beam Support Reactions 

An important application of ' moments ' is in the calculation 
of the ' reactions ' which walls, columns, etc., exert on the beams 
they support — often the first step in the design of the beam. 

Notation.— The evaluation of beam reactions occurs so fre- 
quently in structural calculations that it is necessary to adopt a 
definite system of symbols for the reaction forces. 

If ' A ' and ‘ B ' be the left-end and right-end reaction points 
respectively of a beam ' AB,' the left-end reaction is con- 
veniently represented by the symbol ‘ R^.' Similarly, ' Rg ' 
would stand for the ' reaction at B.* 

If, as in the case of continuous beams, there are, say, three 
support points ' A/ ' B ’ and ‘ C/ the reactions at these respective 
points would be ' R^,' ' Rg ’ and * Sometimes in the case 

of loaded frameworks the letters ‘ A,' ‘ B,' etc., are used for other 
purposes. It may be more convenient in these cases to denote 
the left-end leaction by the symbol ‘ R^,' and to use ‘ Rj^ ' for 
the right-end reaction. This method is recommended by certain 
regulations as that to be adopted in all cases of simple 
beams, etc. 

Example. — Calculate the reactions at * A ’ and ‘ B ' respectively 
for the simply supported beam given in Fig. 83. 



56 INTRODUCTION TO STRUCTURAL MECHANICS 




Cc^£f 5 c*^ts 
c£-J 






/<?' 


Fig. 83. 
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We first regard the beam as 
a simple lever with the fulcrum 
at ‘ B ’ and regard ' ' (the 

reaction at * A ’) as an or- 
dinary force acting upwards at 
‘A/ 

Clockwise moment of ' Ra ' 


about * B ’ == (R^ X 10) cwts. ft. 

The sum of the anticlockwise moments of the loads on the 
beam about ‘ B ' — [(6 x 6) + (3 X 2)] cwts. ft. 

Equating clockwise and anticlockwise moments : 


Ra X 10 = (6 X 6) + (3 X 2) 

ioRa = 3 t) + b = 42 
4*2 cwts. 


The beam is now assumed to have its fulcrum at * A/ so that 
‘ Ra/ which passes through the fulcrum, will have no moment 
and therefore will be eliminated from the ‘ moments equation.' 

Anticlockwise moment of ' R^ ' about ‘ A ’ — (Rj, x 10) 
cwts. ft. The total clockwise moment of the beam loads about 
* A ' = [(j X 8) + (6 X 4)] cwts. ft 

/. Rb X 10 == (3 X 8) + (6 X 4) 
ioRb = 24 -f 24 == 48 
Rg — 4*8 cwts. 

A check on the numerical working is provided by the addition 
of the two reaction values. Their sum should equal the total 
load on the beam. 

Ra + Rb = 4*2 cwts. + 4*8 cwts. = 9 cwts. 

Sum of loads — 6 cwts. + 3 cwts. = 9 cwts. 

The reader is advised to work out the two reactions inde- 
pendently, as in this example, in order to take advantage of the 
check on the numerical working. The procedure of obtaining 
one reaction by subtracting the other from the ‘ load total ' is 
not recommended to beginners. The method of allowing for the 
self-weight of a beam is given later. 

Fig. 84 shows a form of apparatus devised to demonstrate 
‘ beam support reactions.* 
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If a single central load be applied, each reaction will equal 
half the load value. 



Fig. 84. 


If a symmetrical system of loading be used, each reaction will 
equal half the total load value. 

The compression spring balances, at the ends of the model beam, 
record the reactions in any given experimental test. 

It will be noted from the readings of the spring balances that 
the left-end and right-end reactions are respectively lb. and 
lb. Checking these results by the calculation metliod we 
have : 

Kl X 8 = (2 X 6) + (4 X 4) 12 + 16 -- 28 

Hl = 3-5 lb. 

Rfi X 8 = (4 X 4) + (2 X 2) == 16 -f- 4 == 20 
• . Rk = 2*5 lb. 

Uniformly Distributed Loads. — Loads are often described in 
structural calculations as ‘ so much per unit run,* e.g. ' 2 cwts. per 
foot run of beam* or more simply ' 2 cwts. per foot.' In all prob- 
lems of the present type, i.e. in which the equilibrium of a body 
is being considered, we may replace such a load system by one 
concentrated load of equal value at the middle point of the load 
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distribution. The self-weight of a beam may usually be regarded 
as a uniformly distributed load. 

Example. — A g"' x 4" X 21 lb. B.S.B. is used to carry the 
loads given in Fig. 85. Calculate the support reactions. 

The total load per foot run = 21 lb. + 539 lb. = 560 lb. = 
I ton. 

The total uniformly distributed load on the beam = J ton per 
foot X 8 ft. == 2 tons. We may regard this load as being {for the 
present purpose) concentrated at mid-point of beam. 

Moments about B : 

X 8 = (2 X 6 ) + (2 X 4) + (4 X 2) + [2 {i.e. unif. dist. 
load) X 4] 

= 12 4-8 + 8 + 8 
= 36 

== 36/8 tons == 4*5 tons. 

Moments about A : 

Kb X 8 = (4 X 6) + (2 X 4) + (2 X 2) H- (2 X 4) 

= 24 + 8 + J + 8 

= 44 

Rb == 44/8 = 5*5 tons. 
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Fig. 85. 


If the uniformly distributed load runs for the whole beam 
length, as in this case, we could find the reactions, in the first 
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instance, for the concentrated loads alone and then add to each 
reaction half the total uniform load. 

Example. — Fig, 86 shows a ro ^f truss carrying an unsymmetrical 
load system. Calculate the 
reactions at ' A ' and ‘ B.* 

As has been emphasised 
previously, the ' arm ' to be 
used in evaluating a moment 
is necessarily at right angles 
to the line of action of the 
force. We may therefore 
reduce this example to a 
simple beam problem as 
illustrated in Fig. 86. 

There will be no need, 
ordinarily, to actually draw the equivalent beam in such 
examples. 

Moments about B: 

X 30 = (500 X 30) + (1000 X 25) + (1000 X 20) + (1000 
X 15) + (800 X 10) + (800 X 5) + (400 X o) 
3 oRa = 15000 + 25000 + 20000 + 15000 + 8000 + 4000 
= 87000 
Ra = 2900 lb. 

Moments about A : 

Rb X 30 = (400 X 30) + (800 X 25) + (800 X 20) + (1000 X 
15) + (1000 X 10) + (1000 X 5) + (500 X 0) 

— 12000 4 - 20000 + 16000 + 15000 + 10000 + 5000 
3oRb = 78000 
Rj^ = 2600 lb. 

= 5500 lb. — total load on truss. 

The self-weight of a truss is proportioned between the joint 

Example. — Fig, 87 illus- 
trates a beam overhanging its 
supports. Calculate the sup- 
port reactions for the loads 
given. 

In this example we do not 


loads, (See Chapter VIII.) 



Pig. 87. 


U}S 



loG. 86 . — Reaoitons for a Koof 
Truss. 
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take moments about the ends of the beam but about the support 
points ' A ' and ' B ' respectively. Considering the fulcrum to 
be at * B/ it will be observed that the ' 4 cwts. load ' has a 
clockwise moment, i.e. the same type of moment as ‘ R^ ' has. 
These two moments will therefore have to be added. 

Moments about B : 

(R^ X 20) + (4 X 5) = (5 X 24) + (10 X 14) + (8x5) 

2oRa + 20 = 120 + 140 + 40 
7oR^ -f 20 = 300 

2oR^ = 300 — 20 = 280 
R^ = 14 cwts. 

Moments about A: 

;Rb X 20) + (5 X 4) = (4 X 25) + (8 X 15) + (10 X 6) 

2oRb + 20 = 100 + 120 + 60 
2oKb -f- 20 = 280 

20Rb = 280 — 20 = 260 
Rg — 13 cwts. 

+ Eb ~ (14 + 13) cwt. — 27 cwts. = total load on beam. 
Exami’LK. — Find the reactions at the supports in the case of the 
beam shown in Fig, 88. 
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Using the rule for replacing uniformly distributed loads by 
concentrated loads of equal magnitude for the purpose of beam 
reaction calculations, the original load system is reduced to a much 
simpler form as shown in the lower diagram. When the method 



MOMENTS. PRINCIPLE OF THE LEVER 6t 


is thoroughly understood there should be no actual need to draw 
a separate equivalent beam diagram. 

The * 2 ton per foot load/ 6 ft. long, is partly to the left and 
partly to the right of the support ' A." When replaced by an 
equivalent load of 12 tons, the load appears at i ft. to the left of 
* A.' There need be no hesitancy in accepting this. If we 
treated this load as consisting of two separate portions, one in 
and one out of the centre span, the net result would be exactly 
as indicated above. 

Moments about B: 

X 30 (12 X 31) + (4 X 20) + (36 X 16) + (8 X lo) + 

(2 X o) 

= 372 + 80 -f 576 + 80 
= 1108 

Ra = 36*93 tons. 

Moments about A : 

(Rb X 3 t>) + (^2 X i) -= (2 X 30) + (8 X 20) + (36 X 14) + 

(4 X 10) 

30R1, + 12 = 60 + 160 + 504 + 4^ 

3oRb + 12 = 764 

3 oRb = 764 - 12 = 752 

Rb == 25-07 tons. 

Ra + Rq = (36*93 + 25-07) tons — 62 tons = total load on beam. 



Example. — Calculate the column loads at * A,' ' B,* * C * and 
* D ' {due to the concentrated loads indicated) in the example of the 
steel-framed floor given in Fig. 89. 
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In such problems the calculated reactions for the secondary 
beams become the load values for the beams which carry them. 

Ream MAT; Rm X 16 = 2 X 4 Rm = 8/16 ton = ^ ton. 

Rj, X 16 = 2 X 12 Rn = 24/16 tons = tons. 

Beam KL: Rr = Kj, = 4 tons. 

Beam I J: Rj = Rm = i ton (under similar conditions). 

Rj = Rn = li tons 

Beam ‘ EF ’ takes the left-end reactions from the beams above 
(see Fig. 90). 

Beam EF: Re X 10 = (^ X 8) -f (4 X 6) -f (i X 4) 

= 4 4- 24 -h 2 = 30 
Re = 3 tons. 

Rp X 10 = (I X 6) -f (4 X 4) -f (i X 2) 

= 3 -F 16 -f I = 20 
Rp = 2 Ions. 

Beam ' GH ’ takes the right-end reactions of the beams it 
supports. 



Beam G H : Rq x 10 = (i^ X 8) -t- (4 x 6) -j- (ij X 4) 

= 12 -F 24 -f 6 = 42 
Rq = 4*2 tons. 

Rh X 10 = (i^ X 2) -F (4 X 4) -F (ij X 6) 

= 3 -F 16 -F 9 = 28 
Rh = 2-8 tons. 

Beams ‘ AB ’ and ‘ CD,’ which are supported by the columns, 
carry the reaction loads transmitted by beams ‘ EF ’ and ‘ GH.’ 
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Beam A B: R^ x 26 = (3 x 22) + (4-2 X 6) 

= 66 + 25-2 = 91-2 
Ra = 3*51 tons. 

Rj, X 26 = (4*2 X 20) + (3x4) 

= 84 + 12 = 96 
Rfi = 3*69 tons. 

Beam CD: Rc X 26 = (2 x 22) + (2-8 x 6) 

= 44 + i6*8 = 60'8 
Ro = 2*34 tons. 

Rd X 26 = (2*8 x 20) + (2x4) 

= 56 + 8 = 64 
Rd = 2*46 tons. 

Summary : 

Ra = 3 ‘ 5 i tons 
Rb= 3*69 M 
Ro = 2-34 „ 

Rd = 2-46 „ 

Total = 12*00 tons 

Total load on frame — 12 tons. 

Further examples on ‘ reactions ' appear throughout the book. 

Moment of a Resultant Force 

Theorem: The resultant moment of a system of forces about any 
given point in the plane 
of the forces is equal to 
the moment of the re- 
sultant of the system 
about the same point. 

In Fig. 91 there is 
shown a system of 
forces * Fp’ * Fg/ etc., 
with * R,’ the resultant 
of the system, repre- 
sented in its correct 
position in space. The 
point ‘O' is any 
selected point in the 
plane of the forces. 





Fig. 91. 



64 INTRODUCTION TO STRUCTURAL MECHANICS 

In this case ‘ R ’ has a clockwise moment about the point ‘ 0.' 
Regarding clockwise moments as ‘positive, ’ the theorem expressed 
in the form of an equation of moments becomes : 

K X ~ (b 2 ^ ^2) (^ 3 ^ (^1 ^ ^1) (^^4 ^ ^4) • 

This theorem is of great assistance in the solution of structural 
problems. 

Example. — /Ae theorem above for the case of two inter- 
secting forces, 7 lb. and 8 lb. respectively, whose lines of action con- 
tain an angle of 6o° (see Fig. 92). 
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The reader should carry through this exercise to a fairly large 
scale. In addition to verifying the theorem, it provides excellent 
practice in ‘ taking mofnents.' 

Three positions are taken for the point ' O.’ The parallelogram 
of forces gives the resultant in its correct position in space. The 
‘ arms ’ of the various moments are measured in actual inches on 
the drawing paper. The following results illustrate the signi- 
ficance of the theorem. 

Case I. — Moments about ' 0 * 

y-lh. force: Force x arm = 71b. X 17 ins. = 11-9 lb. ins. A.C.W. 
^-Ib. force: Force x arm = 8 lb. X 6-8 ins. = 54*4 lb. ins. A.C.W. 

Resultant moment (by addition) = 66-3 lb. ins. A.C.W. 

ly lb. force [Resultant): 

Force x arm = 13 lb. X 5*i ins. == 66-3 lb. ins. A.C.W. 
/. Sum of component moments = moment of resultant. 
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Case 2. — Moments about ' 0 * 

74b. force: Force x arm = 7 lb x 2 ins. = 14 lb. ins. C.W. 
84b. force: Force x arm = 8 lb. x 175 ms. = 141b. ins. A.C.W. 

Resultant moment (by algebraic addition) = o 

ly lb. force (Resultant): 

Force x arm == 13 lb. x o in. = 0 lb. ins. 

Resultant moment = moment of resultant. 

Case 3. — Moments about * 0 * 

j4b. force: Force x arm =7 lb. x o ins. = o lb. ins. 

84b. force: Force x arm = 8 lb. x 4-55 ins. — 36*4 lb. ms. A.C.W. 

Resultant moment (by addition) ^ 36-4 lb. ins. A.C.W. 
ly lb. force (Resultant): 

Force x arm = 13 lb. x 2-8 ins. = 35-4 lb. ins A C.W. 

Resultant moment = moment of resultant. 

In each cavSe, therefore, the theoiem has been veiifieJ. Exercise 
12 at the end of the chapter in- 
volves the verification of the 
theorem for a system of four con- 
current forces. 

The theorem is extensively em- 
ployed in Chapter VI. 

Example. — Fig. 93 shows a 
masonry pier weighing 9000 lb. A 
horizontal force * P Ih.* acts at 3 ft. 
from the base of the pier. It is 
desired that the resultant of * P ' and 
the weight (9000 lb.) shall pass through 
a given point 'A,' 6 ins. from the 
centre of the base. Find the corre- 
sponding value of ‘ P.' 

If the resultant of * P ' and * W ' 
passes through 'A,’ it will have no 
moment about * A.’ Hence, by the theorem above, the resultant 
moment of ' P ' and ' W ' will be zero about * A/ i.e. the 
moment of ‘ P ' must be equal and opposite to that of * W.* 
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P X 3 (A.C.W.) = W X -5 (C.W.) 

P X 3 = 9000 X *5 

P = 1500 lb. 

This example illustrates a typical ‘ retaining wall problem.* 
Retaining walls are considered in detail in Chapter XV. 


Exercises 4 

(i) Write down the moment of the given force about the 
fulcrum ‘ 0 ’ in each of the cases shown in Fig. 94. 



i'lG. 94. 


(2) A nut requires an applied moment of 120 lb. ins. in order 
to turn it. Calculate the necessary effort if applied as in {a) and 
(b) respectively, in Fig. 95. 



Fig. 95. Fig. 96. 


(3) A swing door is pushed by three people in the manner 
indicated in the diagram shown in Fig. 96. Calculate the 
resultant turning moment on the door. 

(4) Fig. 97 gives a diagram of the lever arm of a timber beam- 
testing machine. Assuming the lever arm to be balanced by the 
compensating weight when the travelhng weight is at the zero of 
the scale, calculate the length in inches of the scale graduations, 
which represent i-cwt. pull on specimen. 
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(5) A plank, resting on two scaffold poles, is lashed to one and 
is free at the other (Fig. 98). Calculate the pull on the lashing 
when the plank carries the loads indicated. Neglect self-weight 
of plank. 

(yocss aoa>* /s.oci>9 



Fig. 98. 


(6) Fig. 99 shows a north-light roof truss carrying wind loads. 
Find the value of the vertical reaction at the left end of the truss. 
(Take moments about right end of truss.) 



l^IG. 99 


(7) Calculate the support reactions (for the loads indicated) for 
each of the beams shown in Fig. 100. 
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( 8 ) Find the support reactions for the steel beam given in Fig. 
loi. The density of the brickwork is i cwt. per cu. foot. The 
wall is 9 ins. thick. Neglect the self-weight of beam. 



(q) A roof truss carries rafter and tie loads as shown in Fig. 102. 
Calculate the reactions at the supports. 
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(10) Fig. 103 shows a girder * AB ' along which a weight of 
2 tons is able to travel. The subsoil under the concrete at end 
* A ' must not (due to the 


travelling weight alone) be 
subjected to a higher pressure 
than 280 lb. per sq. foot. 
Calculate the minimum per- 
missible distance between the 
weight and the centre line of 
the column. 

(ii) Find the resultant 
moment about the point ' P * oi 
all the forces which act on the 
beam (Fig. 104) to the left of ' 


— 
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P.' Similarly find the resultant 
moment of all the forces whicJi act to the right of ‘ P/ in 

which respect do these two 
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agree, 


resultant moments (1) 

(ii) differ ? 

Repeat the exercise, taking 
any other point on the beam. 

(See page 198 for an ap- 
plication of this exercise.) 

(12) Show that the resultant of the co-planar system of con- 
current forces given in Fig. 105 will have the same moment about 
point ‘ A ’ as the algebraic sum of the moments of the four forces 
(taken separately) about point ‘ A.' Select a suitable position 
for point ‘ A,’ in the approximate position shown in figure. 
Repeat, taking point ‘ A ’ on one of the forces. 



Fio. 105. 
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(13) Calculate the load carried by each of the columns at 'A,' 
'B/ ‘ C,’ and 'D' respectively (Fig. 106), due to the given 
point load of 6 tons on the secondary beam. 



PLhs 
■4-0 Cbs 


(14) Fig. 107 shows a mast supporting two horizontal pulls. 
The mast is kept vertical by a back stay. Assuming the 
maximum safe load for the stay to be 400 lb., find the highest 
permissible value of ‘ P.’ 

The bottom of the mast may be considered to be a pin-jointed 
connection. 



CHAPTER V 


PARALLEL FORCE SYSTEMS. COUPLES. GENERAL 
CONDITIONS OF EQUILIBRIUM 

Parallel force systems may be divided into two classes : 

(i) Like parallel systems, in which all the forces act in the same 
direction. 

(ii) Unlike parallel systems, in which some of the forces act in 
the opposite direction to the 
others. (See Fig. io8.) 

Like parallel systems are 
the more common in struc- 
tural problems, but there is 
one case of an unlike parallel 
system which is of especial 
importance. The theorem given on page 63 with respect to 
resultant moments is also true for parallel force systems. This 
may be verified by means of the experimental apparatus 
shown in Fig. 109. (See also Fig. 136.) 



Fig 108 — Parali 


I’OKCK Systems. 



Fig 109 — Parallel Forces. 

If we reverse the direction of the equihbrant of the system, as 
found in the experiment, we have a parallel force system with its 
resultant. The resultant will be found to be equal in magnitude 
to the sum of the forces, act in a direction parallel to the forces, 

71 
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and have its line of action m such a position as to comply with 
the provisions of the theorem referred to 

Like Parallel Systems 
Two Like Parallel Forces 

ExAMPir —l^tnd the magnitude, direction and position of the 
resultant of the two like parallel forces 
given in Fig no 

Magnitude of resultant 

= sum of forces 
= 12 lb + 8 lb =20 lb 

Direction Vertically downwards 

Position Let ‘ X ’ ms = distance fiom 
point ‘ A ’ (on the line of action of the ‘ 12-lb ' force) 

Moments about ‘ A ' 

Moment of resultant = 20 lb X x ms = 2o;t:lb ms 
Sum of moments of components = (12 x 0) -f (8 lb x 10 ms ) 

= (o + 80) lb ms = 80 lb ms 
20^ = 80 
a; = 4 ms 

It will be noted that the line of action of the resultant force 
divides the distance between the forces inversely as the forces 


4 ms 8 lb 

Thus 1 = ,, 

6 ms 12 lb 



1 his rule is used in the 
graphical problem explained on 

.r~>- ■, 
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page 106 
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Several Like Parallel Forces 
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of the like parallel system shown 
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in Fig, III 


IlG III 


Magnitude of resultant = (2 + 3 -f 4 -f i) cwts 
= 10 cwts 

Direction The resultant will act horizontally towards the right 
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Position: Let * x' ti, — distance from point ‘ A ' on the ‘ i- 
cwt/ force. 

Moments about ‘ A ' : 

10 X ^ = (2 X 9) + (3 X 6) + (4 X 4) 

= 18 + 18 + 16 = 52 

X = 5*2 ft. 

Note that in writing down the equations we are not equating 
clockwise to anticlockwise moments, as in the principle of the 
lever, but merely expressing the equality of resultant moments, 
obtained in two different ways. 

Example. — Fig. 112 shows a roof truss carrying wind loads on 
the windward side. Find the resultant isnnd thrust on the roof slope. 



Magnitude of resultant ~ (525 + 975 + 1050 600) lb. 

= 3150 lb. 

Direction: Normal to roof slope, acting inwards. 

Position: Let it. = distance, from the ridge, at which the 
resultant acts. 

Taking moments about the ridge : 

3150A; = (600 X 0) + (1050 X 8) + (975 X 14) + (525 X 21) 
= 0 + 8400 + 13650 + 1 1025 

= 33075 

X — 33075 _ 10-50 ft. 

3150 
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Unlike Parallel Systems 

Two Unlike Parallel Forces 

Example. — A dock gate, ivith water on both sides, is subject to 
the two horizontal thrusts shown in Fig, 113. Find the resultant 
water thrust on the gate. 



Magnitude of resultant the ' algebraic ' sum of the forces 
= (370^9 - 1^875) lb. 

= 21094 lb. 

Direction: The resultant acts towards the left, at right angles 
to the gate. 

Position: Let ‘ a; ' ft. = distance from bottom of gate (' A '). 

21094A; = [(3709 X 3) - (16875 X 2)] 

A.C.W. = A.C.W. — C.W. 

Note that the kind of moment the resultant produces (A.C.W. 
in this case) is given the positive sign. 

21094% (1^3907 - 33750) = 80157 

X = 3*8 ft. 

In the case of two unlike and unequal parallel forces, the 
resultant does not act between the forces, but beyond the greater 
force. 

Several Unlike Parallel Forces 

Example. — Fmd the resultant of the unlike parallel system given 
in Fig. 114. 



PARALLEL FORCE SYSTEMS 


75 


Magnitude of resultant — algebraic sum of forces 

= (5 + 6 — 2 — 4 — i) cwts. 
= 4 cwts. 





Fig. 114. 

Direction: Vertically downwards. 

Position: Let ' ' ft. = distance from the point ' A ' (on the 

* 5 cwts.' force) measured towards the right. 

(4 X x) = (6 X 10) - (2 X 4) — (4 X 8) — (i X 12) 

= 60 — 8 — 32 — 12 
4 a; = 8 
a; = 2 ft. 


Couples 

If, in such an example as the one solved above, the sum of the 
forces acting upwards equalled the sum of those acting downwards, 
two possibilities would ensue : 

(i) If the upward and downward resultant forces acted in the 
same vertical line, the system would be in equilibrium. 

(ii) If they acted out of line the net effect of the system would 
be one of rotation. A system of forces, such as that suggested 
in (ii), is known as a ' couple.' 

Definition: A couple consists of two equal, unlike parallel forces, 
acting out of line. 

The effect of a couple on a body is one of pure rotation. 

Moment of a Couple. — The ‘ moment of a couple ' measures the 
actual turning tendency the couple has on the body to which it 
is applied. It is obtained by multiplying one of the forces by 
the perpendicular distance between them (Fig. 115). 
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Moment of couple -- Force X arm of couple. 

A couple lias a ‘ clockwise * or an ‘ anticlockwise * moment 
according to the mariiier in which it tends to cause rotation 
(Fig 116). 




'€LnK,eloe/th.^' 

Fig. 116. — Types of Couples. 

Practical Examples of Couples. — Whenever we measure the 
turning effect a force has on a body, as in the simple lever prob- 
lems in Chapter IV, we are really finding the moment of a couple. 
The reaction at the point of support of the body, i.e. the fulcrum, 
provides the ^ equal and unlike parallel force ' to form the 

couple with the net applied force. 

Example (i).— Fig. 117 shows a 
« /=■ force applied to the handle of a door. 

7r^^7i PCcun. The hinge provides a reaction which 
forms a couple with the applied force. 

I The door opens under the moment 

Fig. 117. couple. 

Example (ii). — A very important 
application of couples occurs in beam problems (see Chapter 
XII). When a beam deflects, the fibres of the beam material 
become stretched or compressed according to their position in 
the beam. These fibres act like tiny springs, and they resist 
deformation. At a beam section, therefore, we have, acting 
across the section, a series of thrusts md pulls. The resultant 




Fig. 117. 
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thrust and the resultant pull form a couple which resists the 
bending of the beam at the section (see Fig. ii8'. The moment 
of this couple is termed the ' moment of resistance ’ at the section 
(see page 240). 
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Fig. 118 — Couples in Beams. 


Important Properties of Couples. — There are a number of 
' theorems ’ enunciated with respect to the subject of * couples,* 
These have applications in beam problems and in column prob- 
lems (e.g. in ‘ eccentric loading '), and will be referred to, as 
necessary, later. The reader will at this stage be able to appre- 
ciate the following facts about the nature of ' couples.' 

(i) A couple cannot be balanced by a single force. To bring 
to equilibrium a body acted upon by a couple, it is necessary to 
apply to the body another couple of equal and opposite moment 
(see page 240). 

(ii) A couple has the same moment about any point in the 
plane of the forces. The value of the moment is that of the 
couple itself. 

Consider the cases shown in Fig. 119. The resultant turning 
effect or ' moment ' about the point * O ' in each case equals the 




Fig. 119. 
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algebraic sum of the two moments of the respective forces ‘ F ’ 
forming the couple. 

Case {a). Resultant moment about 'O' ==F x (a + x) —F x x 

= Fa + Fx — Fx 

= Fa (clockwise) = moment of couple. 

Case (b). Resultant moment about ' 0 * = Fx-l-F(a — x) 

= Fx Fa — Fx 

= Fa (clockwise) = moment of couple. 

Case (c). Resultant moment about ' 0 ' = F{a + x)— Fx 

Fa + Fx — Fx 

— Fa (clockwise) = moment of couple. 


An important application of this theorem occurs later in this 

chapter in connection with 

of 


a >9 

<s 


i 


^T1 


i^CUaX 


T 

/O^ 




4U>s 
\±^ 0 Um 


HiNce 


r 


/2 




€Sg 


Co rtsulhxnt /onpes 


Fig. 120. 


the general conditions 
equilibrium. 

Example. — A vertical rod 
is hinged at the bottom {Fig. 
1 20). Calculate the turning 
moynent on the rod {about 
the hinge) for the given system 
of loads. 

Apparently the dimensions 
given are insufficient as the 
position of the hinge is not 
defined. The force system, howf'ver, reduces to a couple, and 
all we require to find is the moment of the couple {theorem ii, 
page 77). 

To illustrate the principles of parallel force systems this 
problem will be solved in two ways. 

(i) By finding the 'force ’ and ' arm ’ of the couple to which the 
system reduces. 

The resultant force to the left is (6 + 6) lb. = 12 lb., acting in 
position shown. 

The resultant force to the right is (8 -f 4) lb. = 12 lb., acting 
in position shown. 

The arm of the couple is the distance between the lines of action 
of these two forces ~ 12 ins. (The reader should check this 
figure.) 
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Moment of couple = Force x arm 
= 12 lb. X 12 ins. 

= 144 lb. ins. (A.C.W.). 

(ii) By taking moments of the forces in the system about * any * 
convenient point. 

The point ' A ’ (see Fig. 120) is chosen. 

Resultant moment about ‘ A ' 

= [(4 X 10) + (8 X 16) — (6 X 4)] lb. ins, 

= (40 + 128 — 24) lb. ins. 

= 144 lb. ins. (A.C.W.). 

The latter method is clearly the easier to employ. 

The moment of the couple is therefore 144 Ib. ins. (A.C.W.), 
and this is the required turning effect of the force system about 
the hinge. 

Example (ii). — A rigid T-shaped member is hinged at the point 

* 0 ' (Fig. 121). Assumiyig a load of 10 cwts. to be applied as 
shown, calculate the necessary 
values of the forces ‘ C ’ and 

* T ' respectively in order to 
maintain the member in 
equilibrium. {Neglect the 
self -weight of the lever.) 

For vertical equilibrium 
it is necessary for the hinge 
at ‘O' to exert a force of 
‘ 10 cwts.' on the member, vertically downwards. The two 
forces of ‘ 10 cwts.' constitute a couple of anticlockwise moment : 

‘ force X arm ' = 10 cwts. x 4 ft. = 40 cwts. ft. 

To maintain equilibrium, ‘ C ' and ‘ T ' must form a couple of 
clockwise moment = 40 cwts. ft. 

The forces ‘ C ' and ‘ T ' are therefore equal and 
C (or T) x 8 ins. = (40 X 12) cwts. ins. 

C = T = cwts. = 60 cwts. 

o 

The reader should compare this problem with the beam problem 
discussed on page 243. 
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Conditions of Equilibrium for a Non-concurrent Force 
System 

Consider the force system shown in Fig. I22. If we resolve 
both forces, horizontally, by the cosine rule, we get ' F cos 0 ' 
acting towards the left and * F cos 0 ’ acting towards the right. 
There is no net horizontal force, therefore the system is in 
‘ horizontal equilibrium.* 



Q 

Horc^c>r%^oJ . ' C:^c/<^rvutn 
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Vir,. 122. 


Resolving vertically we get ‘ F sin 0 ' up and ‘ F sin 0 ' down. 
I'he system is therefore also in * vertical equilibrium.’ 

We can see that the given system is not in ‘ complete equilibrium * 
as it forms a couple, and would cause rotation. 

If we were given a more complicated system of non-concurrent 
forces we could not decide so easily whether it reduced to a 
‘ resultant force,’ or to a ’ couple ' or weis, in fact, ‘ in equilibrium.’ 
1 o show that a non-concurrent system of forces is in equilibrium 
we have to resolve the forces into their vertical and horizontal 
components and show that the total horizontal component equals 
zero and that the total vertical component equals zero. If such 
were the case the system would not reduce to a single resultant 
force. But we still have to show that the system does not reduce 
to a couple. To do this, we may select any convenient point in 
the plane of the forces, and having taken the moments of all the 
forces about this point, verify that the total clockwise moment 
equals the total anticlockwise moment. 

The position of the point about which moments are taken is 
immaterial because a couple has the same moment about any 
point in the plane of the forces. If, therefore, we get zero moment 
about any convenient selected point, there is no possibility of the 
system reducing to a couple. 

For a co-planar system of forces to maintain a body in equilibrium 
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Fig 123 (sec also Fig, 123A), — Laws of Equilibrium. 
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there must be (i) no resultant force acting on the body and (ii) no 
resultant moment about any point in the plane of the forces. 

Experimental Verification of the Laws of Equilibrium 

A suitable form of apparatus is shown in Fig. 123. The weights 
suspended over the pulleys should be fairly large in order that the 
weight of the thin disc of cardboard may be neglected. A space 
diagram of four non-concurrent forces in equilibrium is obtained. 
Each force is resolved into its respective vertical and horizontal 
components. These are then tabulated in the manner indicated 
in Fig. 123A. The convention of signs adopted for force direction 
is indicated. 

A suitable point is chosen and the moment of each force is 
taken about it. Moments are deemed to be * plus ' or * minus * 
according as to whether they are ‘ clockwise ' or ‘ anticlockwise ' 
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respectively. The moment values are tabulated as shown in the 
figure. The totals given at the foot of the table verify the 
conditions of equilibrium. 
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Principle of Moments 

In the problems we have hitherto taken, illustrating the 
' principle of the lever J the structural unit concerned had a definite 
fulcrum about which turning was considered. The ‘ principle of 
moments ' is much wider in its application. We may now imagine 
the fulcrum to be anywhere in space in the plane of the forces, not 
necessarily on the member concerned. The choice of a fulcrum 
about which to take moments is just a question as to which is the 
best position from the point of view of assisting in the solution 
of the problem in hand. If scveial of the unknown forces in a 
question pass through one common point, this point is usually a 
suitable one about which to take moments, as these unknown 
forces will then not appear in the * moments equation/ We may 
have to choose several points before solving all the unknowns, 
but, of course, the other conditions of equilibrium are also utilised 
as desirable. Care must be taken to ensure that all the forces in 
the problem are considered in taking moments, including any 
reactions whose lines of action do not pass through the chosen 
‘ fulcrum/ 

Summary of ' Equilibrium Conditions ' 

Concurrent Forces 

(i) The algebraic sum of all the horizontal components of the 
forces must equal zero, i.e. the total sum to the left must equal 
the total sum to the right. 

(ii) The algebraic sum of all the vertical components of the 
forces must equal zero, i.e. the total sum upwards must equal the 
total sum downwards. 

Non-concurrent Forces 

The two conditions given for concurrent forces must be satisfied 
and, in addition, the algebraic sum of all the moments taken 
about any point in the plane of the forces must equal zero, i.e. 
the sum of all the clockwise moments must equal the sum of all 
the anticlockwise moments. 

Examples on ' Conditions of Equilibrium ’ 

(i) A bracket {the self-weight of which may be neglected) is hinged 
in the manner indicated in Fig, 124. Calculate the value of the 
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horizontal reaction at the upper hinge 
and the magnitude and direction of the 
reaction at the lower hinge. 

Let ‘ V ' cwts. and ' H ' cwts. be 
the vertical and horizontal com- 
ponents respectively of the reaction 
at the lower hinge, and let ‘ ’ = 

horizontal reaction at the upper 
hinge. 

Expressing the condition for vertical 
equilibrium : 


V cwts. (up) = 2 cwts. (down) 
/. V = 2 cwts. 


The condition for horizontal equilibrium gives : 

(left) = H (right) 

Taking moments about the lower hinge point — chosen because 
it gets rid of the completely unknown lower hinge reaction from 
the ‘ moments equation ' : 

(2 cwts. X 2 ft.) C.W. = (R^ X 4 ft.) A.C.W. 

R^ = I cwt. 

But H = R^. /. H = I cwt. 

Having found ‘ H * and ‘ V/ we can find ‘ Rg/ the total 
reaction at the lower hinge, by the parallelogram of forces : 

Rgi = H« + V» 

= I* + 2* = 5 

Rg = cwts. = 2-24 cwts. 

If ' 6 ' be the angle made by the lower reaction with the 
horizontal, 

tan 0 = V/H = 2/1 = 2 
/. 6 = 63® 26'. 

(ii) Calculate the left-end and right-end reactions respectively for 
the roof truss {given in Fig 125), due to the 600-/6. resultant wind 
load. The left-end reaction may be assumed to be vertical. 

This problem will be solved in various ways in order to illus- 
trate different methods of attack in such questions. 



CONDITIONS OF EQUILIBRIUM 


85 



First Method (Figs. ‘ a ' and ' b*). 

l aking moments about the right-end reaction point i 
Kl X 12 = 600 X 3 
Rl == ISO lb. 

Replace the right-end reaction by components ‘ V ' and * H.' 
The vertical component of the 6oodb. load = 600 cos 60® =« 
300 lb. 

For vertical equilibrium: -f V = 300. 

150 -f V = 300. V 150 lb. 

For horizontal equilibrium: H = 600 cos 30°. 

H — 600 X -866 — 519.6 lb. 

Re = V 150* + 51^* = 540 8 lb. 

Let ' 6 ' = angle ' ' makes with the horizontal. 

tan 6 = = -2887 

5196 ' 

0 = 16“ 6'. 


Second Method (Fig. ' c ') 

The 600-lb. force may be resolved into its vertical and hori- 
zontal components at any convenient point in its line of action. 
A simple solution of the problem may be effected by reviving 

S.M. — 4 
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the force at the point where its line of action cuts the bottom tie. 

= V = — * = 150 lb., as the vertical component 

* 300 lb.' acts at the mid-point of the tie. 

For horizontal equilibrium, H = 600 x cos 30° = 519*6 lb. 
Rr is found, as in first method, from its components ' V ' and 
' H.' 

Third Method (Fig. ' d ') 

Resolve the ‘ 600-lb.' load into its horizontal and vertical com- 
ponents at the point of application of the load on the rafter. 

Let ‘ A ' ft. = height of truss 

A = 6 sin 60° == 6 X *866 = 5*196. 

Taking moments about right-end reaction point i 

(Rl X 12) + X ^ = 300 X 10-5 

I2Kl = 3150 — 1350 = 1800 
Ri, = 150 lb. 

V (right-end reaction) = 300 — Rj^ — 300 — 150 = 150 lb. 

H = 519*6 lb. (horizontal equilibrium). The right-end reaction 
is compounded of ' H ' and ‘ V ' as before. 

The results by all the three methods agree. The best method 
to employ in any given case will depend upon the particular type 
of problem. 

Method 2 gave the quickest solution in this example, because 
the line of action of the ‘ 6oo-lb.' load cut the bottom tie in a very 
convenient point, i.e. at centre of span. 
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A final check of the problem will be made by the graphical 
method shovm in Fig. 126. 

Further examples on the application of the conditions of 
equilibrium will be found throughout the book. 

Exercises 5 

(i) Find the magnitude, direction and position of the resultant, 
in each of the two cases of like parallel force systems shown in 
Fig. 127. 
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(2) In Fig. 128 are given two unlike parallel force systems. 
Find, completely, the resultant of each of these respective systems. 



(3) Find the resultant of the vertical load system carried by 
the simply supported beam shown in Fig. 129. 

Calculate the support reactions for the beam (i) by taking the 
loads as given, (ii) by assuming the beam to carry the single 
resultant load calculated. 
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Fig. 129. 


(4) A roof truss is subjected to the system of wind ' suction * 
loads shown in Fig. 130. Find the resultant wind force on the 
truss due to suction effect. 



(5) In designing a compound gi dlage to support several columns 
in line, it is desirable to have the resultant column load at the 
centre of length of the grillage. Assuming the grillage to extend 
2 ft. beyond the centre line of the left-hand column (Fig. 131), 
find the necessary overall length of the grillage. 
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Fig 131. 


(6) A system of moving loads (Fig. 132) crosses a beam of 20-ft. 
span. How far is the resultant of the load system from the 
right end of the beam when the left-hand wheel of the S3rstem is 
5 ft. from the left end of the beam ? 
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(7) Find the moment of the couple to which the system of forces 
given in Fig. 133 reduces (i) by finding the force and arm of the 
couple, (ii) by taking moments of the given forces about any 
convenient point. 



(8) If the beam section (Fig. 134) is subjected to a couple of 
anticlockwise moment 27 tons ins., calculate the value of * C ’ 
(the thrust in the top flange) and ‘ T ' (the pull in the bottom 
flange). 

(9) Obtain the two reactions in the ladder example given on 
page 39, by calculation method. 

(10) A rod, whose weight may be neglected, is held in a hori- 
zontal position by a string in the manner hidicated in Fig. 135. 



Fio. 133. 
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(i) Calculate the pull in the string and also the direction and 
magnitude of the hinge reaction, (ii) Check the calculated values 
by a graphical method. 

(ii) Find the values of ' W ’ and ‘ ’ respectively (Fig. 136) 

for the light rod shown to remain in equilibrium. 



Fig. 136. 


(12) A v(‘rtical steel frame is subjecU'd to the load system given 
in Fig. 137. Calculate the reactions at ‘ A ' and ' B ' respec- 




CHAPTER VI 


CENTRE OF GRAVITY 

Fig. 138 shows a body divided up into v^ery small portions. Each 
of these portions is subjected to a vertical pull due to the attrac- 
tive force of gravity. All the pulls together constitute a like 
parallel system of forces. This system will have a resultant, equal 
in magnitude to the sum of the forces, acting vertically down- 
wards in a definite line of action. In Fig. 138 the same body is 
shown turned from one position to another. The component 



• V\/ o/' 

Fig. 138 — Centre of Gravity. 


pulls in the two cases will be in a relatively different arrangement 
amongst themselves, so that while their resultant will remain the 
same in * magnitude ' it will act along a new ‘ line of action.' 
Although we could obtain many such lines of action by successively 
turning the body round, we would find that they would all pass 
through one common point in, or near, the body. To this point 
is given the name ‘ centre of gravity.* Each body has, therefore, 
one centre of gravity. 

Definition: The centre of gravity (C.G.) of a body is that point in 
space through which the resultant pull of the earth, i.e. the ‘ weight * 
of the body, acts, for all possible positions of the body. 

The C.G. of a body is not necessarily in the material of which 
the body is composed. 


91 



92 INTRODUCTION TO STRUCTURAL MECHANICS 


Position of Centre of Gravity 
Regular Geometrical Solids. — If a solid has a geometrical centre, 
this point will be the C.G., assuming the solid to be of uniform 
density throughout. If a solid has a central axis, the C.G. will 
lie somewhere along this axis. The exact position in the case of 
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Fig. 139. — Standard Cases. 
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certain solids, such as a right cone, may be found by a formula. 
The proofs of some of these formulae are rather beyond the scope 
of the book and they will be .assumed. Fig. 139 indicates the 
C.G. positions for a few simple bodies. 


Two Equal Masses 

It should be noted that in the case of a body composed of two 
simpler bodies (whose ('.(i. positions we know), the C.G. will be 
somewhere along the line joining the C.G.'s of the two respective 
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140 — Two Masses. 


component bodies. If we imagine the body in such a position 
that the C.G. of one of the component bodies is vertically above 
that of the other, it will be clear that, as the earth's pull will pass 
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through the two C.G/s, the C.G. of the body must be on the line 
joining them. 

In Fig. 140 (a) we have to find the position of the resultant 
oi two equal parallel forces. The C.G. is the mid-point of ' AB.' 

Two Unequal Masses. — In Fig. 140 (6) we have to find the point 
in which the resultant ' weight ' cuts the line ' AB.' 

Resultant of system == W = 6 lb. + 4 lb. = 10 lb. 

Let * X ' = distance of resultant from ‘ A.' 

Moments about * A * i 

(10 X a;) = (6 X o) + (4 X 20) 

= o 4- 80 80 

— 8 ins. 

I'he C.G. of the two masses is 8 ins. from ' A ' 

Rule . — In the case of two masses, to obtain the C.G., divide the 
distance between their respective C.G.'s mverscly as the masses. 

8*^ 8' 2 

In the example, 4 lb. / 61 b. = Yz’ "" 3' 

The rule is applied in the example on page 106. In working 
examples, the ' moments ' method given previously is the easier. 

Several Unequal Masses. — The masses shown in Fig. 141 have 
theii C.G.'s in one straight line. The methods of parallel force 
systems are again applied. 

The symbol ' x' x bar ’) is usually employed to denote the 
horizontal distance of a C.G. from an axis of reference. 
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Fig. 14J. — Several Unequal Masses. 




W = (10 -f 4 4 6) cwts. = 20 cwts. 
Moments about ‘A ' : Let x = C.G. distance from ‘ A.* 
20 X = (10 X O) + (4 X 5) + (6 X 10) 

20^ = 80 

X = 4 ft. 

The C.G. is on the line ' AB/ at a point 4 ft. from * A/ 

S.M. 4 * 
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Several Masses whose C.G/s are not in One Straight Line 
The C.G/s of the three masses shown in Fig. 142 are assumed 
to be in one plane. Suitable axes ' OX ' and * OY ' must be 
chosen to which to relate the C.G. of the system. 



Fig 142 — General Case of Unequal Masses. 


Let X == distance of C.G. from axis ' OY.' 
y= „ „ „ „ ‘OX.' 

Total mass = (3 -f 4 2) lb. = 9 lb. 

Moments about axis ‘ OY ' to find x. 

In this case we multiply each mass by its distance from ‘ OY.’ 

9^ = (3 X 6) + (4 X 18) + {2 X 18) 

== 18 + 72 + 36 = 126 
X = 14 ins. 

Moments about axis ‘ OA" ’ to find y. 

9y = (3 X 12) + (4 X 18) + (2x8^ 

= 36 + 72 + 16 124 

y = 13I ins. 

The C.G. is shown in position in Fig. 142. 

C.G. of Composite Bodies 

Provided a body be of uniform density, volumes may be used 
instead of masses in calculating C.G. positions. If the terms in 
the previously given ‘ moments equations ’ were divided by the 
density of the material each term would represent a ' volume 
momeniJ 
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Fig. 143 — Composite Solid 


Example. — Calculate the position of the C G of the given solid 

(Fig 143)- 

Total volume of solid = 

[(4 X 12 X 10) -f (4 X 4 X 10)] cu.ins. ^ (480 + 160) cu. ins. 

-= 640 cu. ins. 

It is sometimes helpful to indicate, on each component part, 
the volume of the particular portion, so as to avoid error in taking 
moments. 

Let X ~ distance of C.G. from left face of solid. 

y = „ ,, bottom face of solid. 

640 X — the total sum of ‘ each volume multiplied by the dis- 
tance of its own C. G. from the left face ' 

= (480 X 6) + (160 X 10) 

= 2S80 + 1600 
= 4480 
4480 

a; = 7 ms. 

640 ^ 

640 y ~ the total sum of ‘ each volume multiplied by the distance 
of its own C.G. from the bottom face ' 

= (480 X 2) + (160 X 6) 

== 960 + 960 
= 1920 
1920 

y = 640 = 3 ms. 

The solid is of uniform thickness (= 10 ins.), hence the C.G. is 
5 ins. from the front face. The distance from front (or back) 
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face in any given case couJd be found by taking moments about 
that face, using the procedure indicated above. 

Example. — A masonry pillar has the detail shown in Fig. 144. 
Find the position of the C. G. 



Fig. 144.— Compositr Regular Solid. 


The C.G. will lie somewhere along the vertical central axis of 
the pillar. 

Let y = height of C.G. above base. 

,, . r nr^h TT X 6* X 8 . _ 

Volume of cone = = cu. ms. = 0671 cu. ins. 

3 3 

Volume of right cylinder (upper) = nr^h = tt x 6* x 36 cu. ins. 

= 1296 71 cu. ins. 

„ „ (lower) = Tzr^h == tt x I 2 * x 6 cu. ins. 

~ 86471 cu. ins. 

Total volume = (9671 + 12967c -f- 8647c) cu. ins. 

«= 22567c cu. ins. 
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22567: X y = {g 6 n X 44) -f (129671 x 24) + (8647: x 3) 
2256y -= 4224 + 31 104 + 2592 
= 37920 
y — 16*81 ins. 

C.G. is i6*8i ins. above bottom of pillar. 


C.G. of a Plane Figure 


A figure, having no mass, will not be affected by gravitational 
force, so that the term ' centre of gravity ’ is not strictly applicable 
in this case. In order to get a physical interpretation of ‘ C.G.' 
in the case of ‘ areas ’ and ‘ sections/ we may imagine the figure 
to represent the outline of an extremely thin slice of material, so 
tliin that the C.G. may be regarded as being practically on the 
surface. We may then fore employ the general methods used in 
the case of solids, and take ‘ moments of areas ’ just as we took 
' moments of volumes/ The teim ' centroid ' is sometimes used 
instead of ' centre of gravity.' 

The determination of the C.CT of an area is frequently required 
in structural calculations The methods of solution given should 
be thoroughly masteied by the n'ader. 

Figures with Axes of Symmetry. — If a figure has an axis of 
sjnmmetry, the C.G. will be somewhere in that axis (Fig. 145). 
If there are two axes of symmetry, their point of intersection will 
be the required C.G. Symmetrical axes may be used to find the 
C.G. of a rectangle, but it is easier to find the point by drawing- 
in the diagonals (see Fig. 146 (a)). 
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Fig. 145 — Structural Sections 


Parallelogram.—ln the case of the parallelogram (Fig. 146 (6)) 
the thin strips indicated may be regarded as being rectangles. 
The line ' AB ’ which passes through the respective C.G.’s of all 
the horizontal strips will clearly pass through the C.G. of the 
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parallelogram. Similarly the C.G. must be on the line C.D. 
The quickest method again in this case will be to draw-in the 
diagonals of the parallelogram. 

Triangle. - Consider thin strips of the triangle (Fig. 146 (r)), 
parall(‘l to tfic base * BC.* The mid-point of each strip will lie 
on a straight line joining the apex ' A ' to the mid-point of * BC.' 



This is a geometrical theorem, the line ‘ Al) ' being termed a 
‘ median ' of the triangle ‘ ABC.' The median ‘ AD ’ passes 
through the C.G. of each strip and will therefore contain the C.G. 
of the triangle. Similarly the other two medians of the triangle 
must pass through its C.G. We may define the ('.G. of a triangle 
as being the intersection point of any two of its medians. 

Right-angled Triangle.- -li is shown in geometry that the com- 
mon intersection point of the tluee medians of any triangle divides 
each median into two parts having a ratio of i to 2 (see Fig. 147). 
This fact is very useful in dealing with right-angled tiiangles, and 



is especially applicable to structural problems when extended, 
by the principle of similar triangles, to the form shown in 
Fig. 147. 

Other Geometrical Figures. — Structural calculations sometimes 
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involve the consideration of the C.G. position in such figures as 
semi-circles, parabola, etc. The reader is referred to structural 
handbooks for a complete list of such cases. Fig. 148 indicates 
a few important C.G. positions. 
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Fig 14S — Standard Casks 


Centre of Gravity of Composite Figures 

The general method of treatment of practiced structural sections 
is exemplified in the diagram given 
in Fig. 149. 

Ihe areas * ' cl <1! ' cl^' are 

assumed to represent component 
parts of a given figure or structural 
section. ‘ OX ' and ‘ OY ’ are two 
conv(‘nient axes of refercaice. In a 
practical example it would be usual 
to regal d the bottom edge of the figure 
and the left edge as forming these 
respective .axes. 

Let ‘ A ' = total area of the component parts. 

A — -j- ^2 + CL^. 

Moments about axis ‘ OY * t 
hx -- a + a^x^ + a^x.j, 

~ lax (i.e. the sum of all such quantities as ‘ a x x ') 
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Moments about axis * OK * ! 

^y = + a^^ 4 - 


= Zay 



In simple words the procedure is as follows : 

Divide up the given figure into suitable simple figures. Take 

each of these component areas and 
multiply by its own C.G. distance 
from the selected axis of reference. 
Add together all such ‘ area moments/ 
Equate the sum to the product ' total 
area of figure multiplied by the required 
C.G. distance from the given axis.’ 
Fia. 150. — Unequal Angle Honcc determine the C.G. distanc('. 

Example (f).— Find the C.G. 
position in the case of the unequal angle section shown in Fig. 150. 
In this case we divide the figure into two rectangles. 

Component areas : upper rectangle = 4^" x i'' = 4 sq. ins. 

lower rectangle =- x i'" = 6 sq. ins. 

Total area — 10 sq. ins. 

Axis ‘ OX ' is taken to coincide with the bottom edge of the 
section and ‘ OY ’ is assumed to coincide with the left edge. It 
is not necessary to draw-in these axes provided the meanings of 
' ' and ‘ y ' respectively are clearly stated. 

Moments about * 0 Y ’ (left edge of section) ; 

Moment of total area sum of moments of component areas 

lox = (4 X i) + (6 A 3) 

= 2 -f 18 — 20 
== 20/10 = 2 ins. 

Moments about * OX ’ (bottom of section) : 

Moment of total area = sum of moments of component areas 

loy ^ {4 X 3) 4 - (6 X i) 

= 12 + 3 = 15 

y = 15/10 = 1-5 ins. 
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C.G. is 2 in. from left edge of figure and i'5 ins. from the 
bottom. 

(ii) Determine the position of the C.G. of the given Z-section 
(Fig. 151). 


* H- -<5' 




Com/Dor^e.^/' CLncas 


J 
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m 


Fig 151 — Z-SECTioN 


Let X = distance of C.G. from left edge of section. 
y = distance of C.G. fiom bottom ('dge of section. 

Total area of section = [(6 X i) -f- (5 X i) + (9 X i )1 sq. ins. 

== (6 + 5 + 9) = 20 sq. ins. 

201 -= (6 X 3) + (5 X 5 - 5 ) + (9 X 9 - 5 ) 

= 18 + 27-5 J- 85-5 -= 131 

I3I . 

X = - ins — 6-55 ins. 

20 

2oy = (6 X 6 - 5 ) + (5 X 3 * 5 ) + (9 X * 5 ) 

== 39 + 17*5 + 4*5 = 61 
61 . 

y -= — ms. = 3-os ms. 

^20 

(iii) Fig, 152 shoz£)s the section of a retain- 
ing wall. Calculate the distances of the C.G, 
from the base and from the vertical hack of the 
wall respectively. 

Divide the section into a rectangle and a 
triangle. 

Total area of section = [(12 x 2) + (^ X 3 X 12)] sq. ft. 

= (24 + 18) sq. ft. — 42 sq. ft. 

Let X == distance of C.G. from back of wall. 
y ~ distance of C.G. from base of wall. 

Moments about back of wall: 

^2X = (24 X l) + (18 X 3 )- 



Fig. 152 — Retain. 

ING-WALL SrClION. 
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[The C.G. of the triangle is (J x 3') from the right-angle comer, 
so that, from the back of the wall, it is (J X 3') -f 2' = 3 ft.] 
42^ = 24 -f- 54 = 78 

x = 2 ^it. = 1^ ft, 

42 

Moments about bottom of wallt 


(24 X 6) -f- (18 X V-) 
: 144 -f 72 = 216 

= ^^ft. = 51 ft. 


Allowance for Rivet Holes in Structural Sections 

In cases in which rivet holes have to be deducted, it is con- 
venient to treat the section, 
first of all, as being ‘ gross ' 
(1 e. having no holes), and then 
np to assume the rivet holes to be 
negative superimposed areas. 

In the example shown in 
Fig 153, the gross section is 
symmetrical about a vertical 
axis The rivet holes are also 
symmetrical about this axis, 
so that the C.G. must he some- 
^ where in this axis. 

Fig 153— Rivet Holes in Section Let ‘y’ be depth of C.G. 

below top of section. 

Total gross area == [(6 x i) + (5 X i)] sq. ms. 

Area of rivet holes ~ (2 x | X i) sq. ms. 

Net area = (6 + 5 — 1*5) sq iiis. 

Moments about top edge of section! 

(6 -h 5 - i-5)y = (6 X -5) + (5 X S’S) - (I'S X -5) 

9-5y = 3 + 17-5 - 75 

1975 

y = 2* o 8 ms. 

Example . — Ftnd the centre of g^atiiy of the rxvet group given in 

Pk- 154 - 
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The determination of the C.G. in such 
a aise is the first step in the calculation 
of the strength of the connection. 

The C.G. will lie on a horizontal line 
through the centre of the middle rivet in 
the first row (principle of symmetry). 

Let X = distance of C.G. 

from left edge of 
cleat. 

Let ' A ' sq. ins. = area of one rivet. 

Total area = 5A sq. ins. 

5Aa = (3A X 2-25) + 
(2A X 4-5) 

5AX = 675A 4 g\ 

= 1575A 
1575 

^ 3*15 ins. 




c 


44 - 


1 
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Fig 154 - Hivei (jroup. 


Example. — Determine the depth, beneath the top of section, of the 
centre of gravity of the given girder section {Fig, 155). Make no 
alloioance for rivet holes. 



Pig 155 — Built-up Girder Section. 


To solve this problem we require to know certain ‘ properties ' 
of the ‘ British Standard Sections ' involved. We must know the 
‘ sectional area ' and the position of the C.G. of the ‘ angle ' 
sections given. These properties are shown in Fig. 155, having 
been found by reference to ‘ section property tables.' Such 
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tables are to be found in any of the handbooks issued by steel 
firms. 

Total area of girder section 

= [(2 X 4752) + (2 X 7-109) + (20 X i)] sq. ins. 
= (9-504 + 14*218 + 10) sq. ins. 

= 33722 sq. ins. 

Let ' y ' = distance of C.G. below top of section. 

Moments about top of section: 

33722y = (9-504 X 1*97) + (14-218 x 18-29) + (10 x 10) 
= 18-723 + 260-05 + 100 
378-77 
y ~ 11*23 

Example. — The diagram given in Fig. 156 represents the end of 
a building which is subjected to a uniform wind pressure 0/15 Ih. 
per square foot of area. C alcidate the overturning moment, due to 
the wind, about the base 'AS.' 

The wind pressure being uniform, the lesultant wind force will 
act at the ‘ centre uf gravity ’ of the area. 



Fig. 156. — Uniform Wind Load. 


Total area = |^(io X lo) + 

= (100 + 30) sq. ft. = 130 sq. ft. 
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Let ' y ' be height of C,G. above base ' AB.* 
i3oy = (100 X 5) + (30 X 12) 

= (500 + 360) 

= 860 

y = 860/130 ft. == 6^®^ ft. 

The resultant wind load = 130 sq. ft. x 15 Ib./sq. ft. 

^ 1950 lb. 

Overturning moment about base = Force x arm 
= 1950 lb. X 6^^®^ ft. 

= 12900 lb. ft. 

Note: We could have dealt with eat^h component aiea 
separately. 


Graphical Methods for Determining the C.G. of a Plane 
Figure 

A graphical method applicable to any plane figure is explained 
in the next chapter. Certain figures may be dealt with by 
special forms of graphical solution, based upon principles already 
considered. 



Quadrilateral 

Join ' A ' to ' C/ forming two triangles ' ABC ’ and * ADC/ 
whose respective C.G.'s are ‘ G^' and ‘ Gg.' Now join * B ' to 
' D/ forming the two triangles ‘ BAD ’ and ‘ BCD.’ The C.G.’s 
of these two triangles are ‘ G3 ’ and ' ’ respectively (the medians 

used to fix these two points are omitted from the diagram shown, 
in order to avoid confusion of lines). Join ‘ G3G4.’ The C.G. of 
the quadrilateral will be the intersection point of ' G^Gj’ and 
* G3G4/ as it must lie on both these lines. 

Fig. 158 illustrates the application of the same principle of 
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* subdividing a given figure into two simpler figures in two different 
ways.' 

Alternative Method. — Divide the given figure into two simpler 
figures and find ' and ' Gg/ their centres of gravity. Join 
' Just as in the case of two solids (page 93), we must 

find the point which divides ‘ inversely as the respective 



Fig. 158.- Alternativk Graphical Methods. 

areas, in the example of the acute-angle section given in Fig. 158, 
* GgX ' is set off in any suitable direction. Along ' GgX,’ ‘ GgA ' 
is marked off to a convenient area scale to represent area ‘ A^’ 
and ‘ AB ' is similarly marked off to represent area ‘ Ag.' ‘ B ' 
is joined to ' G^ ’ and ‘ AG ' is drawTi parallel to ‘ BG^.' By 
principles of geometry, ' G ' divides in the required ratio, 

and will be, therefore, the C.G. of the given section. 

The third method shown is based upon the same principles as 
the second method. 

Retaining-wall Section. — The figure given in Fig, 159 represents 
the type section for a ‘ gravity ' retaining wall. To determine 
the stability of such a wall it is necessary to find the C.G. of the 
section (see Chapter X\J. The methods already explained may 
be employed, but for a four-sided figure with a pair of opposite 
sides parallel, a simpler procedure is usually adopted. 



CENTRE OF GRAVITY 


107 


Draw AA' and BB' each equal to the base DC, and CC' and 
DD' each equal to the top AB. Join A'C' and B'D'. The point 
of intersection of these two transversals will be the C.G. of the 
given wall section. The C.G. will also be in the line ' MN,' where 
‘ M ' and ' N ' are the mid-points of the top and base respectively. 

Alternatively, if * a* = length of base and ‘ 6 ' == length of 
top, we may find ‘ G ' by the formula : 


NG 


3(« + b) 


X NM. 


Proof . — The proof of the foregoing methods is an interesting 
application of the general principles of C.G. determination The 
figure is divided into two triangles. 



Let y = height of C.G. above base (Fig. 159). 


Total area 




h 


(a + b). 


Taking moments about the base : 
h 
2 



h\ , /bh 

/ tv - 

(a + 6) X y = 

^ 3) (2 


2 b\ 

T 

-*’(6 

+ 6 ) 

2 h (a + 2 b\ 

a 2 b 

* ^ a b\ 6 / 

“ 3 (« + b ) 


1 ) 


X h. 


But y : A = NG : NM by the principle of similar triangles, 
a -f 26 


A NG = 


3(« + t) 


X NM. 
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Further, considering the graphical construction, As GND' and 
GMB' are similar. 

. NG ND' 6 -f- a/2 26 + a 

GM ~ MB"' ~ a + i/2 “ 2a + b 
. NG 2b a a -\- 2b 

" GM" -TnG ~ (2a + 6) + (26 + a) ~ 3(a -f b) 

. NG a + 26 

NM “ 

The geometrical construction used therefore gives the correct 
position for the C.G. 


m / /oc^d 




Beam-reaction Problems Involving ‘ C.G.’ 

Example (i). — Calculate the support 
reactions for the beam shown in Fig. 
160. The wall is uniform in thick- 
ness. The self -weight of the beam may 
be neglected. 

The beam is regarded as having 
a single-point load acting through 
the C.G. of the wall and equal in 
magnitude to the total weight of the 
wall. 

If a scale drawing is made, the 
C.G. of the wall may be found graphically. 

By formula : distance of C.G. of wall from support at ‘ A ' 



h" - — f 


Fig 160 — Beam Keactions 


a + 26 

3(« + *) 

12 


X / 


6 + (2 X 3) 

3(h + 3) 


X 9 ft. 


4 It. 


Total weight of wall = volume x density 

= [i(6 + 3) X 9] X I X 130 lb. 
= 5265 lb. 

Ri X 9 = 5265 X 5 = 26325 
= 2925 lb. 

Rb X 9 = 5265 X 4 = 21060 
.-. Kb = 2340 lb. 

Ka + Rb = (2925 + 2340) lb. = 5265 lb. 
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We could have treated the wall section as being comf)Osed of 
a rectangle (9' X 3') plus a triangle, and had two equivalent 
beam loads. 

Example (ii). — Fig. 161 shows a beam carrying a wall of varying 



Fig 1 61 — Overhanging Beam. 


height but of uniform thickness 2 ft. Taking the particulars given, 
obtain the support reactions due to this load. 

We could, as in the last example, find the C.G. of the whole 
wall and reduce the problem to that of an overhanging beam 
carrying a single-point load. It is easier, in this case, to divide 
the wall up into convenient portions. 

Load X = (4X3X2X 130) lb. = 3120 lb. 

Y = (2X4X2X 130) lb. = 2080 lb. 

Z=(iX3X2X 130) lb. = 780 lb. 

Total load = 5980 lb. 

These loads are regarded as acting through their respective 
e.G.’s. 

(Ra X 7) -f (780 X i) = (3120 X 5 - 5 ) + (2080 X 2) 

Ra X 7 = 17160 -f 4160 — 780 = 20540 

Ra = 2934? lb. 

Rb X 7 = (3120 X 1 - 5 ) 4 - (2080 X 5) -b 1780 X 8) 
= 4680 -f 10400 4- 6240 
= 21320 
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Rb = 3045* lb. 

Ka + Rb = (2934t 4- 3045 ?) lb. 

~ 5980 lb. 

Eccentrically Loaded Columns. — Loads which do not lie on the 
symmetrical axes ' XX ' and ' YY ' of a column section are 

termed ‘ eccentric loads.' One 
method of dealing with an eccen- 
tric load system (in certain circum- 
stances) is to reduce the system to 
one resultant load acting at the C.G. 
of the system. 

Example. — Calculate the eccen- 
tricities, with respect to the 
‘ principal ' axes ‘ XX ' and * Y Y 
of the resultant column load for the 
case shown in Fig. 162. 

We require to find the position 
of the C.G. of the four given loads 
expressing ' x ' and ' y ' with respect 
to 'axes ' YY ' and ' XX ' respec- 
tively, as axes of refeience. 

Moments about Y Y (distances to 
left, positive) : 

(6 + 20 + 4 + 8)X (6 X o) -f (20 X o) + (4 X 0) + (8 X 2) 

38X - 16 

X — 10/38 ins. *421 in. 

Moments about XX (distances upwards, positive) : 

383' ^ (6 X 8) + (20 X o) — (4 X 8) + (8 A 0) 

= 48 — 32 ^ 16 
y “ 16/38 ins. ^ *421 in. 

The resultant load is *421 in. eccentric with respect to both the 
principal axes of the section. In practical problems the eccen- 
tricity V’ith res]iect to the ‘ XX ' axis is sometimes denoted by the 
symbol ‘ ex.' Similarly ‘ cy ' waiuld represent the eccentricit>' 
with respect to the ‘ YY ' axis. Thus X — ey and y ^ ex in the 
foregoing example. 



Fig 162. — Eccen'i RicALLV 
Loaded Coi limn 
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Experimental Determination of C.G. Position 

If a section has a very irregular outline, made up of portions 
of curves and straight lines, it may be difficult to dctcnnine the 
C G by calculation or by graphics If the C G has been fixed 
by either of these methods, it may be useful to clicck the accuracy 
of the result by an experimental method Ihe given section 
should be drawn either full size or to a convenient scale, on a 
piece of stiff cardboard, or sheet mttal, of uniform thickness 
Three small holes must be made near the edge of the template 
from which, in turn, the template is suspended on a smooth pm 
(see Fig 163) At each suspension the direction of the plumb 
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line IS marked on the template Ihe intersection of two of these 
markings gives the required C G position, the third line provides 
a check on accuracy Ihe readci should use this simple method 
for verifying the C G position m the case of a ‘ triangle ' or a 
‘ semi“Ciicle/ etc 
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Application of C.G. in Reinforced Concrete Beam Section 

Readers interested in reinforced concrete theory should note 
the example illustrated in Fig. 164. To reduce the composite 



Img 164 — Rkinforckd Concrete I^kam Skciion. 

coiiciete and steel section to an equivalent ' all-co)icreie ' section, 
the steel area must be multiplied by a constant usually taken as 
' 15.' The *67 sq, in. of steel thus becomes (-67 x 15) sq. ins. = 
10 sq, ins. of equivalent concrete. In order to calculate the 
strength in bending of a beam, of the given section it is first of all 
necessary to find an axis ' NA ' (see page 241) such that the C.G. 
of the concrete area above it, taken in conjunction with the 
' equivalent concrete area ’ below it, shall lie on the axis. All other 
concrete below ‘ NA ' is ignored. 

Let n" = depth of the axis ' NA ' from top of section. Moment 
of area above ' NA ' must equal moment of area below ‘ NA,' 
both moments being taken about ' NA.' 

{8 X n X njz) == 10 X (15 — n) 

4w* -= 150 — ion 
n* + 2*5n - 37*5 = o. 

w = 5 satisfies this quadratic equation. The C.G. of the 
' equivalent all-concrete section ’ is therefore s"' below the top of 
the section. The position of * NA ' is thus determined. 

Exercises 6 

(i) Calculate the position of the centre of gravity of the four 
masses shown in Fig. 165. 
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Fig, 165. 

(2) A solid of uniform density is composed of three rectangular 
blocks (Fig. 166). Calculate the distance of the C.G. of the solid 
from {a) the left face, (6) the bottom. 


ft 



Fig. 166. 


(3) Find the C.G. of the equal-angle section given in Fig. 167. 
Check the position by a graphical method. 



Fig. 167. 


(4) Determine the centre of gravity of each of the structural 
sections given in Fig. 168. 




Fig. 168. 
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(5) The girder section (Fig. 169) has two i-in. diameter bolt 
holes in the bottom flange. Find the C.G. of the net section. 

(6) A retaining-wall section has a vertical back. The widths 
at the top and bottom of the wall are, respectively, 3 ft. and 9 ft. 
The height of the wall is 20 ft. Calculate the distance of the C.G. 
of the wall section from the back of the wall. Check the distance 
by a graphical method. 



Fig. 109. ' Fig. 170. 


(7) Fig. 170 gives the outline of a masonry slab of uniform 
thickness, which has to be hoisted by a crane. Find the best 
position at which to fix a bolt for the crane chain in order that 
the slab shall remain horizontal during lifting. 

(8) Find the beam -support reactions in each of the cases given 
in Idg. 171. Neglect the self-weight of the beams. 
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Fig. I 71. 
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(q) Determine the centre of gravity of the three column loads 
indicated in Fig. 172. 



I'lG 172. Fig 173. 

(10) Find the centre of gravity of the structural section shown 
in Fig. 173. The following properties are taken from section 
tables : 

Sectional area of 10*' x s'" B.S.B. = 8*85 sq. ins. 

Sectional area of S'" x 3"" B.S.C. = 4-69 sq. ins. 

Thickness of web of channel =*28 in. 

Distance of C.G. of channel section from back of channel web 
= -83 in. 


k- -H 



Fig. 174. 


(ii) A casting has a square hole in the position indicated in 
Fig. 174. 

The material is of uniform thickness and density. Find the 
C.G. of the casting. 
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(12) Fig. 175 shows a reinforced concrete retaining wall with 
the retained earth resting on the base. Calculate the distance, 
from the left edge of base, of the centre of gravity of the combined 
earth and wall. The average wall density = 144 lb. per cu. foot, 
and the earth weighs 90 lb. per cu. foot. (Take i-ft. length of wall, 
in plan, and reduce to ‘ weights ’ before taking moments.) 



Fi<i. 175. 



CHAPTER VII 


THE LINK POLYGON 

The ' link polygon ’ construction is used for the solution of a 
number of types of structural problems. These range from simple 
beam-reaction problems to problems invohnng bending moments 
and beam deflections. An important application occurs in 
masonry arch design, the hne of thrust in the arch ring being 
determined by a link polygon. It is clear, therefore, that the 
principles underlying this graphical construction shoulrl be 
thoroughly understood.’ 


Resultant of a Co-planar Force System 

Consider the three forces ‘ AB,' ' BC ' and ‘ CD,' shown in 
Fig, 176. If we represent these forces by the vector lines ' ab/ 
‘ be ' and ' cd ' respectively, the vector line ‘ ad ' will represent 
the resultant of the three forces in magnitude and direction. We 
do not know, however, where it acts in space in relationship to 
the forces in the system. To ascertain this it is necessary to pro- 
ceed as indicated on page 118. 



mm. CLCf* 


til.— 3 


176. — Rxsultant of Co-pijln^a Systsm. 
II7 
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Procedure 

Choose any point ' 0 ' adjacent to the load line ' ahci ' and draw 
in the ' ray^ ' ‘ Oa* ' 06/ ' Oc ' and ' Od/ At any convenient 
point ' X ' in the line of action of force * AB * and in the space 
* A/ draw a ' link ' parallel to ' Oa/ Draw link ' XY ' (in space 
B) parallel to the ray * 06/ and so on as indicated in Fig. 176. 
Produce the links in the spaces * A ' and ' D ' to intersect in the 
point '1/ The resultant of the given force system will pass 
through the point ‘ 1/ 

Proof.- -The triangles formed by the ‘ rays * in the ‘ polar 
diagram ’ are really ' resolution triangles ' for the forces in the 
system. Because all the triangles have a common apex point 
‘ O ' (the ' pole ’) they achieve the ' resolution * in such a manner 
as to lead to the rule indicated above for the position of point ‘ L' 
At the point ' X/ the force ‘ AB ' is resolved into two components 
‘ aO ’ and ‘ 06 ’ by means of the resolution triangle ' abO.’ At 
the point ‘ Y/ by resolution triangle * 6rO/ the force * BC ' is 
replaced by its two components ‘ 60 ' and ' Oc.' Similarly at 
‘ Z/ the components * cO ' and * Od * are substituted for force 
' Cl).' But the components in pace ' B ' cancel out each other 
(they arc equal in magnitude and opposite in direction). Similarly 
in space ‘ C ’ the components balance each other. The original 
system is therefore reduced to two forces, viz. force ‘ aO ' in space 
‘ A ’ and force ' Od ’ in space ' 1).' The resultant of these two 
forces passes through ‘ 1/ their point of intersection. The 
resultant of forces ' AB/ ‘ BC ' and * CD ' must therefore pass 
through 'I.' 

In the practical employment of the link polygon the arrow 
heads and the letters, as shown on the ' links ' in Fig. 176, should 
be omitted. The arrow heads on the ‘ rays ' are also omitted. 

Example (i). — Find the resultant of the like parallel system oj 
forces given in Fig. lyy, by the link polygon method. Check the 
position of the resultant by the usual method of moments. 

'Fhe graphical solution is shown in Fig. 177. The reader should 
draw out the diagrams to the following scales : 1" ~ 2 ft. and 
i"' -- 4 cwts. 

Calculation of ResultayU. — The magnitude of the resultant = 
(44-84-6 + 2) cwts. = 20 cwts. 
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Let ‘ ’ ft. - distance at which the resultant acts fiom the 


4-cwt. force. 

Moment of resultant = sum of moments of components. 

20 X % = (4 X o) + (8 X 4) + (h to) + (2 X 14) 
== 0 4-32 + 60 + 28 
== 120 

X = b ft. (as in giaphical method). 
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Example (ii). —The loads shown acting on the roof truss in Fig. 
178 are due to wind acting from the right. Find, by link polygon 
construction, the position of the resultant wind thrust on the truss. 

The load line is drawn, to a suitable force scale, parallel to the 
wind loads. The pole ' O ' is chosen in any convenient position 
and the link polygon constructed in the usual way. The resultant 
wind load is a force of 2000 lb., acting at io*8 ft. from the right- 
end reaction point and in a direction normal to the roof slope. 


Experimental Demonstration of the Link Polygon 

The apparatus shown in Fig. 179 may be used to illustrate the 
nature of the link polygon. The fine string is suitably loaded so 
as to hang in segments in front of the wall board. The string 



Fig. 179. — Thb Link Polygon. 
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directions are transferred to the board and the magnitudes of 
the weights noted. ‘ AB,' * BC ' and ‘ CD * form the load system. 

If these three loads be set out as a ' load line * and lines be drawn 
parallel to the string segments, from the appropriate points, the 
lines will all intersect in one common point — the * pole ’ in the 
usual construction. The lengths of the top and bottom rays in 
the built-up 'polar diagram' will be found to represent the 
magnitudes of the suspended weights at the left and right ends 
of the string respectively. If spring balances were inserted in 
the string segments, their readings would correspond to the force 
values given by the corresponding ' rays ’ in the polar duigram. 

The experimental apparatus clearly demonstrates the ‘ vector 
diagram ' nature of the ' polar diagram,' and the fact that the 
' links ' represent lines of action of component forces. 

Graphical Solution of Centre of Gravity Problems 

Wlien a body or an ' area ' is composed of several component 
parts the link polygon construction is a convenient method of 
giaphical solution. We may imagine the component parts as 
being subjected to a system of parallel ' pulls/ acting in any 



Fig. i8o — C. tx. by Link Polygon. 
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desired direction. Using the procedure previously described we 
can then fix the line of action of the resultant ‘ pull ' for the 
chosen direction. The C.G. will lie somewhere along this line of 
action. By selecting another direction and repeating the method 
for this case, another line will be obtained along which the C.G. 
must lie. The C.G. will be the intersection point of any two such 
lines. The horizontal and vertical directions are usually the 
most convenient to take. 

Exampli*:. - Lind, by graphical construction, the height above 
base of the C.G. of the T-section given in Fig. i8o (page 121). 

I he horizontal direction is chosen for the ‘ pulls ' in this case. 
Draw the section to a scale of Divide up into two 

rectangles, marked (i) and (2) respectively in Fig. 180. 

Area of rectangle (i) ~ 8^" x i"' == 8 sq. ins. 

M ,, (2) fi'' X i'" = 6 ,, ,, 

Set oft* ab' to represent ‘ AB ' (= 6 sq. ins.) and * 6c ' to repre- 
sent ‘ BC ' 8 sq. ins.). The area scale should be about — 

I sq. in. Choose any pole ' 0 ' (above or below the line ‘ ac ') 
and construct the polar and link polygons. 

Ihe C.G. is on the vertical axis of symmetry of the section and 
is 2 ins. below tlu* top of the section. 

Example. — By means of ihe link polygon method, determine the 
C.G. of ihe Z-seclion given in Fig. 181. 

The s(‘ction is divided into three rectangles : 

Ar(‘a of rectangle (i) ^ G" X 2*" 12 sq. ins. 

„ ,, ,, (2) = S'" X 2"^ 16 „ „ 

„ (3) =- 10" X 2" = 20 „ „ 

Ihe complete giaphical solution is given in Fig. 181. The 
C.G. is ins. from the left edge of the section and 5^ ins. from 
the bottom. 

Recommended scales : Linear ; I"" = i in. 

Area : i"" = 10 sq. ins. 

Centre of Gravity of an Irregular Figure 

As shown in Fig. 182, the link polygon construction may be 
employed to determine the C.G. of an irregular figure. The area 
is divided up into thin strips, the number of strips taken being 
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governed by the nature of the outline of the figure. The area of 
each strip is computed and assumed to ' act * vertically down- 
wards through the C.G. of the strip, as indicated. The C.G. of 
a strip may, in the usual case, be taken to be at mid-width of 
the strip. Having obtained one line, along which the C.G. must 
lie, the construction is repeated for another direction, e.g. hori- 
zontal. The second line obtained will intersect the first line at 
the required C.G. 

Beam Support Reactions by Link Polygon 

Procedure (see Fig. 183).- — Draw the beam to a convenient 
scale and indicate the lines of action of the respective loads. If 
the beam should carry a distributed load system, the load must 
be divided up into a number of portions and the weight of each 
j)ortion regarded as acting through its own centre of gravity. 
The number of portions chosen will be decided by the nature of 
the loading. 



A polar diagram is drawn for the loads and tlie link polygon 
constructed therefrom exactly in the manner previously described. 
'I'he two outer links (in spaces ' A ' and ‘ D ') are not produced 
in this case to intersect. The points * X * and ' Y ’ are found, 
tliese being the points in which the two outer links cut the 
reaction lines, respectively at the left end and right end of the 
beam. Points ‘ X ' and ‘ Y ' are joined, forming a line to which 
the name * closer ’ is given. 

From the pole ‘ O ' in the polar diagram a line ' Oe ’ is drawn, 
parallel to the ‘ closer.’ The vector line ' ea ’ will represent the 
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lefi-end reaction and * de * wiU represent the right-end reaction, 
both, of course, to the force scale of the polar diagram. 

Proof- — As previously shown on page 118, the force system 
' AB/ ' BC ’ and ‘ CD ' is equivalent to the two forces ' aO ’ (in 
space ' A ') and ' Od ’ (in space ' D '). 

At point ' X/ by means of the resolution triangle ‘ aOe ' resolve 
force ‘ aO ' into force ‘ ae ' (vertically downwards) and force ' eO ' 
(along the closer). Similarly at point ‘ Y,* by means of resolution 
triangle ' Ode/ resolve force ' Od ‘ into force ' ed ’ (vertically domi- 
wards) and force ‘ Oe * along the closer. The two forces along 
the closer, being ' e^ua/ and opposite/ caned out and we are left 
with force ' ae ' (at the left-end reaction point) and force ‘ ed ' 
(at the right-end reaction point). To balance these forces the 
support at the left end must exert an upward force equal io * ea' 
and, at the right end, the support must provide a reaction equal 
to ‘ de/ The reader will note that in the preliminary drawing-in 
of the links in the appropriate spaces the reaction lines arc com- 
pletely ignored. The reaction lines do not form the boundary 
lines of a ' space/ and enter into the construction only at the 
point when their intei section with the outer links is being con- 
sidered. 

l^XAMPLE. — Find the support reactions for the beam given in 
Fig. 184 (i) by a graphical method, (ii) by calculation. 



In Fig. 184 the load line ' abed * is drawn and any pole ' O * 
chosen. The link polygon is constructed, the closer line drawn 
in and a line ' Oe ' is drawn parallel to the closer from the pole 
' O.' In this case the line ‘ de ’ scales ii cwts. {= R^) and ' ea * 
scales 13 cwts. (= Rj,). 

S.M. — 5 * 
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It does not matter at what point in space ' A ’ the hnk polygon 
is commenced ; and if the link in the space ' D ’ should come above 
the beam line, produce the right-end reaction line upwards to 
obtain the point of intersection for the closer. 

Suggested scales : Linear, £" = i ft. 

Force, i* = 4 cwts. 

Calculation of reactions ! 

Rl X 8 = (8 X 6) + (12 X 4) + (4 X 2) 

= 48 -f 48 -f- 8 = 104 
Rl = 104/8 cwts. = 13 cwts. 

Re X 8 = (4 X 6) + (12 X 4) -f (8 X 2) 

= 24 -}- 48 -f 16 = 88 
Re = 88/8 cwts. = ii cwts. 

Example. — Apply the link polygon construction to the example 
shown in Fig. 185, in which the support reactions are required for a 
beam which overhangs at both ends. 



Proceed as in the last example. When drawing the link in 
space ‘ B,’ ignore altogether the reaction line of ‘ Rl.’ Similarly, 
disregard the reaction line for ‘ Re’ when drawing the link in 
space ‘ D.’ Produce the links in spaces ‘ A ’ and ‘ E ’ until they 
cut their respective reaction lines (at ‘ X ’ and ‘ Y ’). Join 
‘ XY ’ to form the ‘ closer ’ and proceed as in last example. 

Rj, = /« = 7 tons. 

Re = «/ = 6 tons. 

Suggested scales i Linear : = i ft. 

Force : i' = 2 tons. 
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The reader should check these reactions by the method shown 
on page 6o. 


Reactions for a Roof Truss 

When a frame, such as a roof tniss, carries loads inclined to the 
vertical, at least one reaction must be inclined. The practical 
treatment of reactions for trusses with inclined loads is considerci] 
in Chapter VIII. 



In the example given in Fig. i86, the left-end reaction (K,,) is 
assiiined to be vertical. Witli tliis assumption the value of ' R,^ ’ 
and the direction and value of ‘ ’ may be determined. 

IvxAMPLE. — AVnf, by link polygon method, the support reactions 
for the roof truss shown in Fig. i86. The truss carries wind loads 
acting inwards, normally to the roof slope. 

Having drawn the load line ‘ bedef,’ a pole ‘ 0 ’ is chosen in 
any position and the polar diagram completed in the usual 
manner. (The letter ‘ A ’ is placed in the space between the 
support reactions to corre.spond with the procedure adopted in 
Chapter VIII.) As the direction of ‘ R^ ’ is unknown, it is 
necessary to begin the link polygon at the right-end reaction point. 
If this were not done it would be impossible to ascertain the 
point in which the link in space ‘ F ’ (i.e. the link parallel to 
‘ Of ') would cut the reaction line, as the direction of the reaction 
cannot at this stage be drawn-in. The only point we are certain 
will be on the reaction line is the right-end reaction point, hence 
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we arrange the Imk m space ‘ F ' to go through this point and 
construct the link polygon by working towards the left. The 
intersection of the link in space ' B ' with the left-end reaction is 
determinable, hence the ' closer ' may be constructed. 

The left-end reaction being vertical in this case, a vertical line 
is drawn downwards from * b* m the polar diagiam, to cut a line 
drawn from ' O,* parallel to the closer, in the point ‘ a * Point 
in the load line, is joined to * a.* 

* fa ' will represent the right-end reaction The left-end 
reaction will be represented by the vector line ‘ ab ' The proof 
IS similar to that given on page 125 

The magnitudes of both reactions will be found to be 1732 lb 
Suggested scales — 4 ft. and i*' = 500 lb 


SOU>s 1 

^ 

90 0 / 

Past 


Fig 187 


Further examples illustrating the em- 
ployment of the link polygon occur through- 
out the book 

ExERCisrs 7 

(1) A vertical post 12 ft high is pulled 
by three wires as shown in hig 187 hind, 
by means of a link polygon, the usultant pull 
on the post. 

(2) The wheel loads given m 1 ig i8(S 
are transmitted to a giidcr by the carnage 
of a travelling crane. Find (1) by link 


polygon, (11) by calculation method, the distance, from left-hand 


wheel, at which the resultant wheel load acts. 



Fig 188 


(3) Find, by link polygon construction, the centre of gravity 
of the unequal angle section given m Fig 189. 

(4) Venfy, by means of a link polygon, that the C G. of the 
girder section shown in Fig. 190 is above the bottom of the 
section. 
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Fig. 189. Fig. 190. 


(5) In order to test the stability of the retaining wall repre- 
sented by the section given in Fig. 191, it is necessary to deter- 
mine the distance of the C.G. of the section from the vertical back 
of the wall. Find this distance by the link polygon method. 

(If a ' line of action ' through the centre of gra'^ity of one com- 
ponent area be coincident with that tlarough another, the two 



Fig. 191. Fig. 192. 


areas may be regarded as being one combined area for purposes 
of the link polygon construction.) 

(6) Fig. 192 shows the section of a stone corbel built into a 
brick wall. Show, by link polygon construction, that the centre 
of gravity of the corbel section is s'" from the face of the wall. 

(Divide up the section into simple component figures, e.g. two 
rectangles and a triangle.) 

(7) Find the beam support reactions for each of the beam 
examples given in Fig. 193 (i) by link polygon, (ii) by calculation. 



130 INTRODUCTION TO STRUCTURAL MECHANICS 

SZ Scm>h 3<mjh ®jB»vAr 

— /s' — • I* 3'* — -s' — ► H 


Fig. 193. 


(8) Obtain, graphically, the support reactions for the given 
braced girder (Fig. 194). 

(The ' panel ' loads shown may be regarded as acting (in their 
respective vertical lines of action) on a simple beam 30 ft. long.) 

(9) The roof truss given in 
Fig. 195 carries four inclined 
wind loads (acting at 90° to 
roof slope). Find the value of 
eacli support reaction by means 
of a link polygon. 

(Commence the link polygon 
at the fixed end, i.e. the left- 
end reaction point. Carefully 
watch the correspondence 
between ‘ space ' letters and 
polar diagram ' ray ' letters. The ray corresponding to the space 
letter to the left of the left-hand rafter will not be required to be 
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considered, as the link to be drawn parallel to it passes through 
the reaction point and need not actually be drawn in.) 

(lo) A law of equilibrium states ‘ the luik polygon for a system 
of non-concurrent forces in equilibrium is a closed diagram.* 

Fig. 196 shows a non-concurrent system of four forces in 
equilibrium, viz. 4 lb., 2 lb., 2 lb. and 2 lb. respectively, with the 
corresponding force polygon. Draw out a space diagram accord- 
ing to the data given. Taking a ‘ pole * in the approximate posi- 
tion shown, construct a link polygon and verify the law given 
above. 

(An example of such a link polygon is shown in broken lines.) 



(ii) Find the support reactions for the beam given in Fig. 197 
(i) by link polygon, (ii) by calculation method. 



(12) Check the position of the resultant wind load for the 
example given in Fig. 112 by means of a link polygon. 



CHAPTER VIII 


CONSTRUCTION OF A STRESS OR FORCE DIAGRAM FOR 
A LOADED FRAME 

Introduction. — Fig. 198 shows an experimental roof truss. When 
a load is placed on the hook at the apex of the truss it will be 
observed that the various members forming the frame alter in 
length — the inclined members become shorter and the horizontal 
string member is extended. 



HEMBER 

lENGTHBNS 


biG 198 — Model Roof Truss. 

Alteration in length is just what members of a practical frame, 
such as a steel or timber roof truss or a lattice girder, undergo 
when external load is applied to the frame. We may regard the 
members of a frame as being very strong springs, and as such they 
tend to resist any attempt at deformation. Members which are 
extended are said to be in tension. They exert pulls on their end 
connections and are termed ‘ ties.* Those members which are 
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shortened are in ' compression ’ and are termed ' struts.’ A 
' strut ’ exerts a thrust at both its ends (Fig. 199). 




)Uxs 

L » i^’\j C LijC C t.CK3 

CL, CJ’LTtU^t CC, 

/ ^ A A0 

V \ SCrxA 



Fig. 199. — Struts and Ties. 


The purpose of drawing a stress diagram is to determine which 
members of a loaded frame are ' struts * and which are ' ties/ and 
also to ascertain the magnitude of the force in each member. 
A better name for a ' stress diagram ’ would be 'force diagram.* 
This name is sometimes applied, but ‘ stress diagram ' is distinc- 
tive of the type of force diagram now under consideration. 

Assumptions made. -It is assumed that each member pulls or 
pushes in the direction of its length. If we draw a diagram show- 
ing the centre lines of the members forming the frame (the 
'frame* or 'space* diagram) we may regard thCvSe lines as 
indicating the lines of action of the various member forces. For 
the typical practical frame, in which the joints are not con- 
structed with a view to possessing special rigidity, this is a reason- 
able assumption. 

It is also assumed that the loading may be reduct d to a system 
of point loads, acting at the joints or ' nodes ’ of the frame. In 
the case of a roof truss the ‘ purlins,’ which actually transmit the 
roof load to the truss, are situated at, or near, the joints. Loads 
applied between joints tend to cause bending in the members, 
and special calculations may have to be made to allow for this. 
For the purpose of stress-diagram construction such loads are 
proportioned between the adjacent joints in the manner of beam 
support reaction calculations. 


Calculation of Joint Loads for a Roof Truss 

In examination problems the joint loads are usually given. 
The examples following illustrate the methods of obtaining these 
loads. It is assumed that the purlins transmit the roof load to 
the truss at the joints. 
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Example (i). — Calculate the joint loads for the roof truss given 
in Fig. 200. The roof covering is composed of the material indicated 
in the following list of weights : 







Fig. 200. — Joint Loads for Truss. 

Purlins and ridge : i Ih. per sq. foot of roof area. 

Common rafters : ,, ,, ,, ,, 

Roof boarding : 3 ,, „ ,, 

Felt: I ,, ,, MM 

Slating laths ! | „ ,, ,, 

Slates: 9 „ 

Possible snow {say) .* 3 ,, 

19J lb. per sq. foot of roof area. 

The trusses are spaced at 10-ft. centres. 

Each truss has to support a roof area of (15 + I 5 ) ft. x 10 ft. 
=300 sq. ft. The total roof load for one truss is therefore 
(300 X 19*25) lb. = 5775 lb., .say, 6000 lb. The self- weight of 
the truss is added in to the roof-covering load, and for this a 
provisional estimate must be made. Experience of previous 
similar calculations will indicate the allowance to be made. 

The reader is referred to text-books on building construction, 
etc.,* for formulae and graphs which will also assist in arriving at 
a reasonable figure for the self-weight of a particular type of truss. 

The truss will be assumed to weigh 600 lb. in the present 
example. 

Total load carried by one truss = (6000 + 600) lb. 

= 6600 lb. 

• Experimental Building Science, Vol. II. Manson and Drury. 
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We have now to divide up this load proportionately between 
the joints. 

Area of roof for joint ‘ A ’ = 375' x 10' = 37-5 sq. ft. 

» .. ‘ B ’ = 7-5' X 10' = 75-0 „ „ 

The loads at ‘ B,’ ‘ C ’ and ' D ’ will be equal and each will be 
twice that at ‘ A ’ or ‘ E.’ 

Let ‘ W ’ lb. = load at ‘ B.’ ‘ C ’ or ‘ D.' 

.’. W/2 lb. = load at ‘ A ‘ or ‘ E.’ 

3W + 2 (W/2) = 6600. 

.•. W — 1650 lb. 

Example (ii). — Assuming the data given in Example (i), calcu- 
late the joint loads for the truss given in Fig. 201. The trusses are 
at \o-ft. centres. 



TOT/TL “ <5600 LhA 


Fig, 201. — Joint Loads. 

As in previous example, the total load carried by the truss = 
6600 lb. 

Area of roof for joint ‘ A ' = 4-25' X 10' — 42-5 sq. ft. 

‘ B ' = (4-25' + 3-25') X K/ - 75-0 „ „ 

tt Q = ( 3'25 ^ ~ ^5*0 ,, ,, 

‘ 1 ) ' = (as ‘ B *) = 75-0 „ „ 

if f) ft B = (as A ) = 4^*5 ** »» 

300*0 sq. ft. 


The load at any particular joint will be proportional to the 
area of roof associated with it. 
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/, Joint load at ' A ' = joint load at ' E ' 

= X 6600 lb. = 935 lb, 

300 

Joint load at ‘ B ’ = joint load at ' D ' 

= “ X 6600 lb. == 1650 lb. 

300 

Joint load at ' C * = — - X 6600 lb. == 1430 lb. 

Total load = [(2 X 935) + (2 X 1650) + 1430] lb. = 6600 lb. 

Wind Loads on Roof Trusses. — The magnitude and treatment 
of wind pressure in the design of a structure depend upon the 
nature of the structure. In the case of roof trusses the following 
points should be noted : 

(i) The wind may blow from the left or from the right on to 
the truss. The two cases may have to be considered independ- 
ently in order to arrive at the worst case for any particular 
member of the truss. 

(ii) It is the wind load acting at right angles to the roof 
slope which has to be considered. Empirical formulae are 
sometimes used in order to derive a practical value for this 
component pressure from a given horizontal wind pressure. 
Some building regulations give the necessary normal wind 
pressure directly. 

(iii) The windward side of the roof truss will have ‘ positive 
wind loads,' i.e. loads acting inwards towards the roof slope. 
The suction effect produced on the leeward side of the truss re- 
quires ' negative wind loads ' to be taken. These act outwards at 
right angles to the leeward slope. Some regulations give 15 lb. 
per sq. foot of windward roof area for the total positive wind 
load, and 10 lb. per sq. foot of leeward roof area for the total 
negative wind load. 

(iv) As in the case of dead loads, all wind loads are actually 
transmitted to the roof truss through the purlins. The usual 
example will therefore have both the dead loads and the wind 
loads acting at the joints of the truss. 

An example illustrating the calculation of wind loads will be 
found on page 153. 
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STRESS OR FORCE DIAGRAMS 

Nature of a Stress Diagram 

A stress diagram is an amalgamation into one diagram of a 
number of force polygons. Consider the example of the north- 
light roof truss given in Fig. 202. For the loading given, the 
support reactions are : 1050 lb. (left end) and 1150 lb. (right end). 



The triangle of forces ' abe * is drawn for the three forces acting 
at the left-end reaction point. We find that member ‘ BE ' is 
a ' strut/ i.e. it exerts a thrust at the joint. The magnitude of 
the thrust may be found by scaling the vector line ‘ be/ Member 
' BE ' will also exert this thrust at the apex joint of the truss. 
This fact enables us to construct the vector line ' eb * (see top 
left-hand diagram), and knowing that ‘ be * must scale looo lb. 
(the external load at the apex), we are enabled to complete the 
force polygon for the four forces at the apex joint. By taking 
the various joints in a proper sequence — and using the results 
obtained at one joint to aid the solution of the next — the force 
polygon for each joint of the given truss has been constructed, as 
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indicated in Fig. 202. We have thus completely ‘ solved ' the 
truss. 

Now examine the lower diagram shown in the figure. The 
reader should have no difficulty in tracing out, in this diagram, 
each of the five force polygons previously drawn for the respective 
five joints of the truss. Such a diagram — a composition of a 
number of force polygons — is termed a * stress diagram.' We 
have now to consider how to construct a stress diagram directly, 
without having to draw a number of separate force polygons. 


Rules for Constructing a Stress Diagram 

Taking the typical example given in Fig. 202, the steps in the 
procedure are as follows : 

(1) Draw a scale diagram of the frame, indicating the loads 
acting at the various joints. 

(2) Obtain the support reactions and mark these clearly at 
their respective positions in the frame (or ' space ') diagram. 

(3) Letter-up the spaces by Bow's notation. Throughout the 
book, the letter ‘ A ' will be allocated to the space between the 
two reactions. The letter * B ’ will occupy the first space at the 
left end of the truss and lettering will proceed round the frame in 
a clockwise manner, completing first the external spaces formed 
by the loads. 

(4) Draw the * load line bed ' to a suitable force scale. Insert 
the letter ' a ’ on this line by marking off 'da' to represent 
‘ 1150 lb.' (i.e. the right-end reaction). (The completed load line 
represents the 'force polygon ' for the external load system.) 

(5) Consider the truss joint by joint. First take the left-end 
reaction joint. From ' 6 ' (in the ' load line ’) draw ' be ' parallel 
to ' BE ' and from ‘ a ' draw ' ae ' parallel to ' EA.' (In order 
to get the intersection point ' e ' we have to draw from the point 
' a ’ towards the left.) 

(6) Having completed the portion of the stress diagram for a 
given joint, determine whether the members concerned are 
' struts ' or ' ties.' (The rules for this are given later.) 

(7) Take the next convenient joint in the frame — the apex 
joint in the given example. Considering the forces round the 
joint in clockwise order, we have ‘ BC,’ ‘ CF,' ‘ FE ' and ‘ EB.' 
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Draw ‘ cf ' and ‘ ef ' from ‘ c * and ' e * respectively parallel to 
forces ' CF ' and ' FEZ This fixes the point * f* in the stress 
diagram. The forces in clockwise order round the central joint 
in the bottom tie are ‘ AE/ ‘ EF/ ‘ FG ' and ' GA.' * AE ' and 
' EF ' are already represented in the stress diagram, so we draw 
* fg ' parallel to * FG ' until it meets ' ag ' (parallel to ' GA ') in 
the point ' g/ Thus the point ' g ' is fixed. The rafter joint at 
which the ‘ 1200-lb.' load acts and the right-end reaction joint 
are similarly dealt with. The accuracy of work in the construc- 
tion of a stress diagram is checked by the fact that a ' stress 
diagram must close.* In the example taken, the accuracy will be 
checked by ascertaining whether the vector line drawn fioin ' d * 
parallel to member ' DG ' passes through the point ‘ g,' which 
has been already fixed in the stress diagram. 

(8) The stress diagram being now complete, it is usual to draw 
up a table, as indicated in Fig. 203, giving the force in each 
member. The force in any given member will be obtained by 
scaling (to the force scale of the ' load line ') the corresponding 
vector line in the stress diagram. 

Determination of ' Struts ’ and ‘ Ties ' 

The method will be explained by taking one particular joint 
in the previous example, i.e. the apex joint of the truss. 

Take the member letters in clockwise order round the joint, 
thus : ‘ CF,' ‘ FE ' and ‘ EB.' Considering, firstly, the member 
' CF,' examine the stress diagram and ascertain in which direction 
you have to proceed along the appropriate vector line * cf* in 
order to obtain the same sequence of letters. This is clearly ‘ c * 
to '/' {not * f* to * c*), i.e. upwards towards the left. Place an 
arrow at the apex joint on the member ‘ CF' in this direction. 
The arrow is pointing towards the joint, indicating that the 
member is pushing (see Fig. 202). Member ‘ CF ' is therefore a 
‘ strut.* For member ' FE,' the order of letters indicates that 
we must proceed from * f* to* e* in the stress diagram, i.e. down- 
wards towards the right. The arrow on * FE ' at the apex joint 
therefore denotes a ‘ pull,' i.e. member ‘ FE ' is a ' tie.* Similarly, 
the naliure of the force in any member at any loint may be deter- 
mined 
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General Remarks. — The following points should be carefully 
noted : 

(i) Concentrate on one joint only at a time. See that all the 
‘ letters ' found are placed in the stress diagram. 

(ii) Place the arrow heads on the frame diagram before you 
leave a given joint. The arrow heads should be placed on the 
members fairly near the joint considered, to avoid possible error. 

(iii) If you are held up at a joint because there are too many 
' letters ' unfixed in the stress diagram, it is probably because 
you have missed a joint which will provide you with the necessary 
tetters. 

The reader is strongly advised to draw the stress diagram for 
the example given in Fig. 202. 

Suggested scales : 

i"" = 4 ft. for the frame diagram, and 
= 400 lb, for the stress diagram. 

Types of Stress Diagrams 
I. Truss with Symmetrica^ Loads 

In this case the two support reactions are equal and the point 
' a ' is the mid-point of the load line. Fig. 203 shows the stress 
diagram for a king-post roof truss. The reader should develop 
this diagram himself, following the rules given on page 138. 



Fio. 203. — Truss with Symmetrical Loads. 
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A suitable table for recording the force in each member is shown 
in the figure. In the case of a S5Tnmetrical truss with symmetrical 
loads the stress diagram will be a symmetrical figure about a 
horizontal line through the point 'a.' It is advisable in examina- 
tion work, if time permits, to complete the whole stress diagram 
even though half the diagram would be sufficient to obtain all the 
member forces. The ‘ closure ’ check may thereby be applied. 

2. Truss with Unsymmetrical Loads 

Fig. 204 shows an example of this case. Another example is 
given in Fig. 205. In such examples the support reactions must 
first be obtained. By means of the reaction values, the point 
‘ ’ is fixed (see rule 4, page 138). 



Note that the letter ‘ A ’ is associated with all the bottom 
horizontal members of the truss. The reader should find no 
difficulty in tracing the development of the stress diagram. In 
Fig. 204 the three joints on the left-hand rafter were first con- 
sidered and, as the apex joint could not then be proceeded with, 
the next joint taken was the lower joint ' JKLMA.’ 

3. Truss with Redundant Members 

A ‘ redundant member ’ is one which could be removed from a 
frame without, theoretically, causing its collapse, the remaining 
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members being capable of maintaining static equilibrium — pro- 
vided the load system remain unaltered. Distortion of the 
frame, on a change of the load system, might make such a member 
a practical necessity. Figs. 205 and 206 illustrate typical cases 
of redundant members. 



When dealing witli complicated load systems, e.g. combined 
vertical and inclined loads, it is sometimes convenient to break up 
into simpler component systems. A member may be redundant 
for one of these load systems and not for another. 

In Fig. 205, members ‘ AH ' and ‘ AO ' are redundant. The 
vector lines representing these forces in the stress diagram must 
be of zero length. We therefore place the letters ' h ' and ' 0 * 
on the load line at the position of the letter ' a.' 



If we consider equilibrium at the left end of member * AH,' 
we find that the forces in member * BH ' and reaction ' AB ' are 
both vertical. Therefore for horizontal equilibrium member 
* AH ' cannot be exerting any force. Similarly, in Fig. 206, the 
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force in member ‘ AJ ' must be zero. If member ‘ AJ ’ did exert 
a force, it would have a horizontal component. This is impossible, 
as there is no other horizontal force at the left-end reaction point 
to balance it. Member ‘ AU ’ is also redundant. 

4. Truss with Loads on the Bottom Tie 

It is convenient in this case (Fig. 207) to place the letter ‘ A ’ 
in the space nearest to the left-end reaction. Note that in this 
example there are several letters beneath the bottom tie. In 
setting out the ‘ load line ’ the vector lines must be drawn with 
due regard to the direction of the forces concerned. Thus ‘ gh ’ 
is measured upwards (because the reaction ‘ Gil ’ acts upwards), 
and ‘ hi ’ is plotted downwards (because load ' 111 ’ acts down- 
wards). 



Img. 207 — T.OADS ON Bottom Tie. 


Having fixed the point ' a ' in the load line, the vector line 
' ah ' should be verified — it should scale 3600 lb. The setting out 
of the load line having been checked, the stress diagram is con- 
structed in the usual way. 

5. Truss with Unsymmetrical Loads Solved with the Aid of a 

Link Polygon 

The position of the point ' a ' in the load line (Fig. 208) is fixed 
by drawing in the closer line in the link polygon and drawing 
‘ Oa ' parallel to the closer (see page 124). 

6. Cantilever Truss 

In trusses of the type given in Fig. 209 we may proceed with 
the stress diagram without first obtaining the reactions. The 
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/Ocj^da 



load line ' bcdefg ' having been drawn, the joint at the extreme 
right end of the truss is first dealt with. The stress diagram does 
not begin to grow from the top of the load line in this example, 
but from the position where the vector line * dc* is situated. It 
will be noted that, in this case, the stress diagram develops to 
the right of the load line. If the truss has a vertical member 
connecting the reaction points, we require to know the direction 
of one of tlie reactions before this member can be solved. 



Fig. 209. — Cantilever Truss. 

7. Truss Overhanging its Supports 

In Fig. 210, the truss overhangs the supports at both ends. 
The reader should construct the stress diagram to the following 
scales I I*" = 4 ft. and = 4 cwts. . 
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Fig. 210, — Overhanging Truss. 

8. Truss Solved by Means of a Calculated Member 

It would not be possible to draw a complete stress diagram for 
the truss given in Fig. 211A by the usual methods. When joint 
' DEPONM ' was being considered, it would be found that more 
than two members were unknown. This would hold up the con- 
struction of the stress diagram. There are various methods of 
getting over the difficulty. A good method in such cases is to 
calculate the force in a suitable member of the truss. In this 
case the tie ' AK ’ is a suitable member. 



Fig. 21 ia. — Aid of Calculated Member. 


If the tie were removed, the truss would collapse by turning 
about the apex joint as a fulcrum (see Fig. 211B). The tie 
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member must therefore be pulling with just sufficient force to 
maintain the left-hand portion of the truss in equilibrium. 

Let ' F lb/ be the pull in the tie member * AR/ 

Taking moments about the apex of truss : 


(F X 17*32) -f (1600 X 7*5) + (1600 X 15) + (1600 X 22*5) 

+ (800 X 30) — 6400 X 30 

17*32F -f 12000 24000 4- 36000 -f 24000 = 192000 

I7-32F = 192000 — 96000 = 96000 
9^00^ 

17-32 


The force in member ' AR 'ds therefore 5540 lb. The vector 
line ‘ ar,' which represents this force in the stress diagram, must 
scale 5540 lb. This fixes the point ‘ r ' in the stress diagram. 
The joint ' AN ORA ’ can now be completed and the remainder 
of the stress diagram finished off in the usual way. 

Alternative Solution . — A method knowm as tlu' ' reversal oj 
diagonal ’ method may be employed to get over the difficulty of 
the completion of the stress diagram in this case. Member 
' PO,' which is a diagonal of a quadrilateral formed by four 
members, is assumed to be temporarily removed and to be re- 
placed so as to form the other diagonal of the quadrilateral. 
This method is further explained m the example given later (see 
Fig. 217). 


Wind Load Stress Diagrams 
Determination of Reactions 

When a frame is subjected to loads which are inclined to the 
vertical, it is not possible for both reactions to be vertical. One, 
or both, of the reactions must contribute a horizontal force to 
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balance the horizontal effect of the inclined loads. If one end 
of the truss is so supported as to allow practical freedom for 
horizontal movement — so that it may be regarded as being s^up- 
ported by a roller bearing— it is usual to assume that the reaction 
at this end is vertical. Such freedom is sometimes necessary, in 
order to allow for expansion due to temperature change. In 
this case the reaction at the * fixed ' end must supply the 
necessary horizontal force to prevent the lateral movement of 
the truss. 

If both ends are similarly fixed on rigid supports, it is a usual 
assumption that each reaction is parallel to the resultant force 
acting on the truss. 

In the case of a roof truss supported by steel columns (of 
approximately equal sti finesses), it is usual to assume th^t the 
horizontal components ol the reactions are equal. 

Regulations differ in their requirements in resprct to the com- 
bination of dead and wind loads. It will be clear that the actual 
design load for any given member of the frame will be the algebraic 
sum of the loads produced independently (and simultaneously) 
by the dead load and by the wind loads. Some regulations require 
the ' negative ' wind loads suction loads ') to be taken without 
the accompaniment of the positive wind loads. When the 
various locids are treated independently careful tabulation will be 
necessary in order to arrive at the maximum possible load for any 
particular member. 

The general principles of stress-diagram construction for wind 
loads are illustrated in the examples which follow. 

* Examples of Roof Trusses Supporting Wind Loads 

Positive Wind Loads Only 

In this case (Fig. 212) we can determine the direction of the 
right-end reaction by the rule given on page 37. A line is 
drawn from 'ej in the load line, parallel to the aiscertained 
direction to meet a vertical hue (representing the direction of the 
free-end reaction) drawn from ' b* The lines meet in the point 
' a.' The stress diagram is then readily constructed. Member 
‘ HI ’ is redundant. 

* More advanced students should consult B.S. 449 
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Positive Wind Loads and Dead Loads Combined 

The example given in Fig. 213 illustrates a method of dealing 
with dead loads and positive Avind loads acting simultaneously. 
The wind is assumed to act from the left. The wind loads and 
dead loads, acting at the respective joints on the left slope of the 
truss, are combined into resultant single loads by parallelograms 
of forces. In this case the direction of the fixed-end reaction is 
determined by the construction of a link polygon. 



To avoid the difiSculty of having to find where the link in space 
' H ' cuts the fixed-end reaction line of action, it is necessary to 
commence drawing the link polygon from the fixed-end reaction 
point (which, of course, will be on the reaction). As we start 
drawing the links from this point, the link corresponding to space 
‘ I ' is not utilised. The reader should very carefully check that 
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the links are drawn in their proper spaces in these examples. 
The reaction problem of this example was previously dealt with 
on page 127. 

Negative Wind Loads and Dead Loads Combined 

The example given in Fig. 214 assumes wind acting from the 
left, so that the negative wind loads act outwards on the right 
slope of the truss. Instead of drawing complete parallelograms 
of forces, the negative wind loads and dead loads have been com- 
bined by the drawing of one vector line at the end of the other 
(see page 10). The resultant force on the truss is represented 
by * bg* and each reaction is assumed to be parallel to ‘ ig ’ in 
this example. 




There is no need to start the link polygon at any particular 
reaction point in this case, as the directions of the reactions can 
be drawn-in on the frame diagram. The point * a ' is on the line 

It will be noted that the links in spaces * B ' and * G ' respec** 

s.M. — 6 
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tively have to be produced till they cut the reaction lines in order 
that the closer line may be drawn-in. 

Positive Wind Loads, Negative Wind Loads and Dead Loads 
Combined 

In the example illustrated in Fig. 215 the wind is taken as 
acting from the right. Both reactions are assumed to be parallel 
to the resultant thrust on the truss. 

In this example the successive vector line method has been 
adopted to reduce the forces acting, at any particular joint, to 
one resultant force. The reader should particularly notice the 
compounding of the three forces at the apex joint of the truss. 



Fig. 215. — Positive Wind, Negative Wind and Dead Loads. 


Having drawn the load line ‘ bcde ' to represent the respective 
resultant joint loads 870 lb., 1615 lb. and 2375 lb., the points ‘ e ' 
and * b ' are joined. ‘ be * represents the resultant force on the 
truss. We thus have the direction of each reaction fixed. 

No loads were given for the eaves joints of the truss in this 
case. Such loads are sometimes omitted in problems on stress- 
diagram construction on the supposition that the common rafters 
between the roof trusses transmit their bottom end loads, not 
to purlins carried by the truss, but to wall plates. 

Example Involving Equal Horizontal Reactions 

The roof truss shown in Fig. 216 is supported on steel columns 
of equal stiffnesses. The particular point to note in such prob- 
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lems is the effect, on the values of the reactions, of the over- 
turning moment caused by the combined horizontal components 
of the positive and negative wind loads. The lower diagram in 
Fig. 216 shows the load system reduced to resultant vertical and 
horizontal components. (The reader should check these com- 
ponents graphically or by the ‘ cosine ’ rule.) 



Vertical Reactions {due to vertical loads only) 

Rl X 30 = (i'04 X 22-5) — (’7 A 7-5) [Note the minus sign.] 
= 23-4 - 5-25 
= 18-15 

i8-is 

Rj, — tons — -605 tons {upwards). 

Rk X 30 = (1-04 X 7-5) - (-7 X 22-5) 

= 7-8 - 15-7S 

= - 7-95 

Kk = — tons — — -265 tons {downwards). 


Vertical Reactions {due to overturning moment) 
Total horizontal force acting on truss 


= (-6 -|- -405) = 1-005 tons. 
Height of truss = 15 tan 30° = 8-66 ft. 


8^6 

2 


= 4-33 ft. 


Ann of overturning moment 
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Taking moments about right-end reaction point i 
Rl X 30 = 1-005 X 4*33 = 4-352 

/. Ri^ == tons = *145 tons {downwards). 

Moments about left-end reaction point i 
Re X 30 = 1*005 X 4-33 = 4-352 

Rjj = tons = ‘145 tons {upwards). 

Net Vertical Reactions 

lij = *605 tons (upwards) *145 tons (dowmwards) 

= *46 tons (upwards). 

Rfi = -265 tons (downwards) — -145 tons (upwards) 

= -12 tons (downwards). 

Horizontal Reactions 

The horizontal reactions being equal at both supports, the value 

of each reaction = tons — tons = *^025 tons. 

2 ' 2 ^ ^ 

Construction of Stress Diagram 

The load line ' hcdefghij * is constructed in the manner indicated 
in Fig. 216. From ‘ ^ ' a vector line is drawn horizontally towards 
the left to represent *5025 tons, the horizontal component of the 
right-end reaction. At the end of this line a vector line is drawn 
vertically downwards to represent -12 tons, the vertical (down- 
ward) component of the right-end reaction. We thus get ' ja ’ 
as the vector line representing the total right-end reaction. By 
joining * a' to' b* the complete polygon of forces, for the external 
load system acting on the truss, is formed. The stress diagram 
is constructed in the usual way off this polygonal diagram. 

Calculation of Wind Joint Loads 

The principles of the calculations for wind loads are the same 
as for dead loads. As an example we will take the truss illustrated 
in Fig. 213. 

The dead load was taken as 18 lb. per sq. ft. of roof area. The 
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wind load was assumed to be 15 lb. per sq. ft. inwards on the 
windward side. The trusses were assumed to be at io~ft. centres. 

Length of principal rafter = = ^7*32 ft. 

Area of roof slope on each side == (17*32 X 10) sq. ft, 

== 173-2 sq. ft. 

Dead load : at 18 lb, per sq. foot, the total load on each roof 
slope = (18 X 173*2) lb. = 3120 lb. 

Full joint load = lb- = ^040 lb. 

/. Half joint load = 520 lb. 

Positive wind load: at 15 lb. per sq. foot, lottil load on wind- 
ward roof slope = (15 x 173*2) lb. = 2600 lb. 

Full joint load = lb. = 867 Ib. 

/. Half joint load = 434 lb. 

French Truss by ' Reversal of Diagonal ' Method 

In the example illustrated in Fig. 211A, the truss carried dead 
loads only and was solved by the calculation of the force in one 
of the members of the truss. 

In Fig. 217 we have a similar type of truss with positive wind 
and dead loads. Both reactions are assumed to be parallel to 
the resultant force on the truss. The stress diagram can be 
constructed until the joint ‘ NMDEPO ' is reached. The pro- 
cedure then is as follows ; 

Remove member ' PO ' and replace by the diagonal member 
shown by a broken line. The amended space notation is shown 
in the separate small inset diagram. 

The original member ' PQ ’ becomes redundant and is ignored. 
Its redundancy can be verified by considering equilibrium con- 
ditions at its lower end. Joint DEQNM may now be com- 
pleted and the point Q fixed. 

The stress diagram may be developed by taking the joint 
‘ EF(^(T)/ the temporary member (^(2) being represented 
by the broken line Q)Q) hi the stress diagram 

The letter ' y ' is substituted for the figure the diagonal 
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member ‘ PO ’ is replaced in its correct position and the stress 
diagram completed. The justification of the method lies in the 
fact that the reversal of the diagonal ‘ PO ' does not affect the 
loads carried by the members of the truss outside the quadrilateral 
of which it is the diagonal. This means that ‘ FQ ’ is correctly 
repres(‘ntt‘d by ' FQ/ i.e. ‘ F^ ’ in the stress diagram. 


Exercises 8 

(The reader is strongly advised to draw-out the stress diagrams 
already dealt with in this chapter.) 



(1) ('onstruct the stress diagram for the symmetrically loaded 
braced girder given in Fig. 218. Tabulate the forces in the 
various members, differentiating between struts and ties. 

(2) lug. 219 shows a form of roof truss which provides good 


/(^aaU^s 



Fig. 219. 


1 
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headroom at mid-span. Draw the stress diagram for the truss. 
Determine the force in each of the two members marked by a 
cross and state whether they are respectively in tension or com- 
pression. 

(3) Determine the forces in members ' AF/ ' IJ ' and ' JK ' 
respectively, of the loaded frame given in Fig. 220, by the con- 
struction of the complete stress diagram. 



(4) Draw the stress diagrams for the given cantilever trusses 
(Fig. 221 (a) and Fig. 221 (6)). Tabulate the various member 
forces (stating whether the members are ‘ struts ' or ' ties ') in the 
case of Fig. 221 {a). 


PCndg, 

Fig. 221. 

(5) Calculate the support reactions for the unsymmetrically 
loaded truss given in Fig. 222. Construct the stress diagram for 
the tniss and determine the force in the inclined member indicated 
by a cross. 
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Pig 223. 


/Booths 



Fig. 224 


(6) The reactions for the overhanging roof truss given in Fig. 
223 have been evaluated and the struts and ties determined. 
The ties are denoted by a negative sign and the struts by a 

8.M — 6* 
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positive sign. Check the reaction values and verify the correct- 
ness of the strut and tie indications by constructing a complete 
stress diagram for the truss. 

(7) Construct the stress diagram for the roof truss given in 
Fig. 224. Find the force in the member indicated by a cross. 
State whether the member is a * strut ’ or a ‘ tie.' 

(8) Draw the stress diagram for the truss shown in Fig. 225. 
The truss carries dead loads and positive wind loads. The 
reactions are to be assumed to be parallel to the resultant force 
on the truss. 



(9) The king-post truss (Fig. 226) carries dead loads and posi- 
tive wind loads. The wind load is to be taken at 15 lb. per sq. 
foot of roof area, and the total dead load at 16 lb. per sq. foot of 



Fig. 226. 
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roof area. Calculate the respective joint loads for the truss, 
assuming the trusses to be spaced at 8-ft. centres. 

(10) Draw the stress diagram for the braced girder given in 
b'ig. 227. Indicate struts and ties on your frame diagram by 
writing alongside the members a plus sign for a strut and a 
minus sign for a tie. 

Give the force in each of the inclined members of tlie girder. 



(ii) Using the ‘ reversal of diagonal ’ method, con^truct tlie 
stress diagram for the truss sliown in Fig. 2ii.\. 



CHAPTER IX 


STRESS AND STRAIN. YOUNG'S MODULUS 


Nature of Stress 

A STRESS diagram of the type considered in the last chapter 
enables us to find the force or ‘ total stress ' in any given member 
of a loaded frame. We now have to investigate the implication of 
the term ' stress ' as normally employed in structural calculations. 

Member ' NA ’ in the frame shown in Fig. 218 carries a tensile 
load of 32 tons. Is the member unsafely loaded ? We cannot 
answer this question until the net cross-sectional area of the mem- 
ber is known. It is not the load in the member that ultimately 
matters but the intensity of the loading, i.e. how much the 
member has to carry for every square unit (usually taken as 
' sq. inch ') of sectional area. Assuming that the net sectional 
area of the member referred to equals 4 sq. ins., the load carried 
by one sq. inch is 8 tons. This is quite safe -assuming the 
material of the member to be mild steel. The intensity of loading 
expressed as ' so many nnits of loud per unit of seclional area ' is 
termed the stress in tli(‘ mat(‘iial of the given member. 


I 

- 

i 


^ sSf-css dU: XX. 


% 


CaciycC /. 


/"cSre tnscr>s 

Coat-eX 2. cut X X- 


Fig. 22S — Nature of Stff.ss. 


Uniform Stress.— In cases in which the load carried by a member 
may be regarded as being uniformly distributed over a given 
cross-sectional area of the member, the stress at that section may 
be obtained by dividing the total load by the area of the section 
(Fig. 228). 

c.. Load 

Stress = -T 

Area 

160 
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Units for Expressing Stress Values 

Stress values for structural steelwork are usually expressed in 
tons per sq. inch (tons/in.*). The units ‘ lb. per sq. inch * (lb. /in.*) 
and ' cwts. per sq. inch ' (cwts./in.*) are both used in timber calcu- 
lations. For reinforced concrete work the common unit is ' lb. per 
sq. inch/ Masonry calculations and foundation pressure prob- 
lems frequently involve the units ‘ lb. /ft.* ' and ‘ tons /ft.*.’ 

Non-uniform Stress. — If the load distribution over a given 
section be not uniform, the value obtained by dividing the ‘ total 
load ’ by the * area of section ’ would merely give an average stress 
value. The structural designer does not think in terms of 
' average stress ’ values, but has to consider the intensity of stress 
in the most heavily loaded fibres of the member he is designing. 
In some cases the formula used for determining this maximum 
stress may not look much like the basic expression loadjarea, but 
the nature of stress remains the same, i.e. it is an ‘ intensity ' or 
‘ rate ’ of loading. 

If a tiny beam fibre have a stress intensity of 3 tons per sq. inch, 
the implication is that if the sectional area of the fibre were 
enlarged up to one sq. inch and the load were increased in the 
same proportion, the sq. inch would be carrying a load of 3 tons. 

In this chapter we will confine our attention to uniform stress. 

Three Types of Simple Stress 

The three basic types of stress are (i) tensile, (ii) compressive , 
and (iii) shear. 

Tensile Stress. — This stress occurs in the fibres of a member 
which is subjected to a pull. 

In Fig. 229, ' A ' sq. inches of cross-sectional area at section 
' XX ' have to carry * L ’ tons 

each sq. inch carries L/A tons 
tensile stress at ‘ XX ' “L/A tons/in.*. 

Compressive Stress. — When a member transmits a thrust the 
material of the member is subjected to this form of stress (Fig. 
230). 

Compressive stress at section ‘ XX ’ = ^ tons /in.*. 
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Shear Stress. -This is the type of stress that occurs in the steel 
of a rivet which is loaded as indicated in Fig. 231. When one 
portion of a member tends to slide over another portion at a 
certain plane in the material, the fibres at that plane are said to 
be in * shear.' Beam webs are subjected to ‘ shear stress.' 

If the rivet shank have a sectional area of ‘ A ' sq. ins. and 
the applied shear load be * L ' tons, the shear stress in tht^ rivet 
steel will be ‘ L/A ' tons per sq. inch. 


Examples : 

(i) A steel tie-member has a solid rectangular section, 4'' . 

It carries an axial {i.e. centrally applied) load of 21 tons. Calcu- 
late the stress in the steel. 

_ , Load 

1 ensile stress — ^ - 

Area 

= ~ tons /in • 

(ii) A short concrete column of square section, 10^ X 10^, carries 
an axial load which induces a compressive stress of 600 Ih. per sq. 
in. in the concrete. Calculate the value of the load. 

^ ^ Load 

Compressive stress = 

Let L lb. = load 

600 = — 

TOO 


__ 21 tons 

(4 X i) 

= 7 tons/in.* 


(It is usual to leave the units out in such equations, but great 


^cZC/7 rCA^^ CX./-^CL of cj'* 
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care must be taken to employ the same units on both sides of the 
equation.) 

/. L = (600 X 100) lb. 

= 60,000 lb. 

(iii) Calculate the shear stress in the rivets in the lap-joint shown 
in Fig. 232. 

The total shear area provided is 4 times the sectional area of 

Tzd^ TT X 

one rivet. Area of one rivet == — = sq. ins. 

4 4 

= -Go sq. ins. 

/. total shear area = (4 x *6) sq. ins. 

== 2*4 sq. ins. 

^ Shear load 

Shear stress = ^ , — - 

Area under shear 

= tons /in.* 

2-4 

= 5 tons /in.*. 

Working Stresses 

The maximum safe value for the stress in the material of a 
practical structural member depends upon several factors. It 
will depend upon the nature of the material. It will also depend 
upon whether the stress is ' tensile j 'compressive* or 'shear.* 
'I'lie actual manner in which the member is employed in the 
structure will affect the maximum permissible stress, e.g. a ' long ' 
compression member should not be so highly stressed as a 
' short' one. 

The nature of the loading, e.g. ' live * or ‘ deadj will also be a 
determining factor. 

For cases commonly occurring in structural design, regulations 
issued by local authorities or professional institutions specify the 
working stresses which should be employed. 

Ultimate Stress. — Working stresses are usually fixed from the 
results of practical tests to destruction, carried out by means of 
suitable testing machines. The tests give ultimate stress values 
from which the safe working stresses are derived. 

233 shows a 25-ton Macklow-Smith Universal Testing 
Machine. 
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In Fig. 234 a steel specimen is shown in position preparatory 
to a tensile test to destruction. The two marks on the specimen 



Ftg. 236. — Tension Test on Timber Specimen. 

are 8 ins. apart, this being the usual gauge length for measure- 
ments of elongation. 

Fig. 235 shows a specimen of steel, of circular section, being 
tested for ultimate shear stress. The first photograph indicates 
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Fig 237 - Cleavage Test on Timber Specimen 


the nature of the shear tool. In the second illustration (shear 
tool at right angles to the first view),;the tool has made contact 
with the specimen. 
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Small clear specimens of timber are tested to a British Standard, 
The method of testing a timber specimen in tension is shown in 
Fig. 236. The specimen has enlarged circular ends which bear 
against split brass rings in the shackles. Timber specimens are 
tested along the grain and across the grain. 

In Fig. 237 another form of timber test is illustrated. The 
object of this test is to determine the ' cleavage * strength of 
timber of a given type. 

Concrete is tested for compressive strength. The concrete to 
be tested is poured into moulds in the form of cubes, usually 
6-in. cubes. After ' curing ' for a definite period, say 28 days, the 
concrete cubes are tested to destruction. Fig. 238 shows a cube 
being tested in an Amsler Compression and Be nding machine.* 
L.C.C. By-laws give full details of tlie manner in which the cubes 
shall be manufactured, cured and tested. 



Fig. 238.— Compression Test on Concreie Cube. 

Readers who are interested in the testing of materials should 
consult the B.S. (British Standards) which are concerned with the 
particular materials in question (see Appendix I). 

♦ Reproduced by courtesy of Messrs. T. C. Howden & Co. 
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15* deals with the testing of 'structural steel/ 
The testing of cement is the subject of ' B.S. No. 12/ The 
methods of testing small clear specimens of timber arc dealt with 
in 'B.S. No. 373.' These, and other similar standards, may be 
obtained from the British Standards Institution, 2 Park Street, 
London, W.i. 

Factor of Safety. — A ' factor of safety ' is a number which is 
divided into an ' ultimate stress ' in order to obtain a suitable 
‘ working stress.’ The value of the ' factor of safety ’ is such as 
to provide an appropriate margin of safety in the employment of 
the derived stress. Some authorities prefer to derive the working 
stress from the ‘ yield-point ’ stress. 


Ultimate stress 
Working stress = , 7---. 

^ hactor of sah'ty 

Examples : 

(i) In a tensile test to destruction on a mi Id -steel specimen the 
maximum load indicated by the testing machine was 15*75 tons. 
The sectional area of the specimen was *5 sq. in. Calculate the 
working tensile stress, for steel of this quality, assuming a factor of 
safety of 

Makimum load during test 
Sectional area of specimen 
15*75 tons 

“ — r— = 31-5 tons/in.*. 

•5 sq. m. ^ ' 

Working stress 3i*5/3\5 tons/in^. 

= 9 tons/in. 

(ii) A b-in. cube of concrete crushed, in a compression test, at a 
load of y) tons. Assuming a factor of safely of 6 , determine suitable 
dimensions for the section of a short column, of the same quality 
concrete, which has to carry an axial load of 23 tons. 


Ultimate stress ~ : 


Ultimate compressive stress = - 


Max. load during test 


Original sectional area 


X 6 

W 'oiking stress 


Ib./in.* = 3111 Ib./in.* 


Ultimate stress 31 ii 


Factor of safety 
=- 518*5 lb./m.2. 


lb /in.* 


Load 

Stress ~ 

Area 


Area 


Load 

Stress 
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23 X 2240 

Assuming a square section, say lo"' x 10"'. 


(iii) In a shear test on rivet steel the ultimate load was 22 tons, the 
total area under shear being -88 sq, in. In a joint [as in Fig. 232), 
4 No. I'" dia. rivets of this quality steel supported a shear load oj 
6*136 tons. What factor of safety does this represent ? 


Ultimate shear stress = 


Ultimate load 
Shear area provided 


22 tons 
•88 in.* 


= 25 tons/in.* 


Actual working stress of rivets in joint 


Total load 
Total area 


= -^ 23 ^ tons /in.* = 5 tons/in.* 

4^ X *3068 ' ^ 

(Area of one |"'-dia. rivet == *3068 sq. in.) 

„ , r r X Ultimate stress 
h actor of safety = t,, , -- 

Working stress 


25 tons/in.* __ 

5 tons/in.* ^ 


The reader is referred to regulations issued by the London 
County Council (L.C.C. By-laws for steelwork, reinforced concrete 
and timber design, etc,), and the British Standards Institution 
(B.S. 449, etc.), and to current codes of practice, for de- 
tailed lists of working stresses. From time to time revision 
of these working stresses is made necessary by improved 
methods of manufacture and the application of the results of 
research. 


Strain 

When a member is loaded and its fibres are put into a state of 
stress, some alteration is bound to take place in the dimensions 
or shape of the member. A member subjected to such dimen- 
sional change is said to be in a state of strain. The effect of load 
is therefore to develop in the fibres of the member both stress and 
strain simultaneously. 

Tensile Strain. — This is the type of strain which the fibres of 
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a tie member experience. Tensile strain is associated with the 
elongation of members. 



sdn^ciunxC 

Fig. 239. — Tensilb Strain. 


The numerical value o^ the * strain * is not the extension itself. 

The tensile strain in the member shown in Fig. 239 is obtained 

by dividing the extension by the original length of the member. 

Extension x” ,, 

xjl. 


Tensile strain == 


Original length V 
Example. — Calculate the tensile strain in a steel rod 5 ft. long 
which undergoes an extension of -03 in. when the load is applied. 

Extension -03 in. 


Tensile strain = > 


Original length (5 X 12) ins. 


*03 

= = 'O005 (expressed as a ' number '), 

Compressive Strain. — When a member shortens under the 
action of a thrust, the material of the member is subjected to 
compressive strain. This is the type of strain which occurs in 
columns (Fig. 240). 

^ • X • Contraction x'^ ,, 

Compressive strain = ~ — r-, r = v/t = x L 

Original length I 

Example (i). — A short reinforced concrete column, 6 ft. high, 
shortens by *0216 in. under the applied axial load. Calculate 
the strain in the concrete and in the steel reinforcement. 
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Fig 240 —Compressive Strain 


As the concrete and the steel contract in length equally, they 
are both subjected to equal ' strain.' 

Compressive strain in both materials 


■0216 in. 
72 ms. 


— *0003. 


Example (ii). — A 6 -in. timber cube in a test is loaded so that the 
compressive strain is *0004. Calctdate the contraction in length oj 
the specimen. 

, Contraction in length 

Compressive strain == ^ . , , — . 

^ Original length 

Let x'' == Contraciion 

x'' 

•0004 - 

X = {6 X •0004)'' == •0024'". 



OC 


l^Sina^ecf i 

S/>ecLr stnouen cJn/ eu 
bCocJ^ TTvcute^rCcLZf , 


Fig. 241 — Shear Strain. 
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Shear Strain. The piece of material illustrated in Fig 241 is 
distorted by the action of the shear load shown 

The value of the shear strain is obtained by the ratio 
1 e x/l 

When a bolt is turned by a spanner the material of the bolt is 
in a state of shear strain 1 he name ‘ torsional strain ' is given 
to this particular type of shear strain 

Relationship between Stress and Strain 

Hooke’s Law. — The two physical states ‘ stress ’ and ' strain * — 
which we have seen are always co-exi stent — are related by a law 
known as ‘ Hooke s Law ’ It is a law concerned with bodies in 
an ' elastic state ' 

An * elastic ’ body is one which, having been deformed by an 
applied force, will regain its original si/e and shape when the 
deforming force is removed 

As working stresses in structural work are so chosen as to 
ensure that the property of elasticity is maintained, it is clear 
that Hooke’s law of elasticity is of great importance 

The law states that, provided a member remain perfectly elastic, 
the stress induced in it will always be directly proportional to the 
accompanying strain Ihis means that should the load th( 
member is carrying alter m magnitude (and thereby cause an 
increase or a decrease in the stress value), the strain value would 
increase or decrease proportionately with the variation in stress 
Ihus if the stress increases by 50%, the strain would increase by 
50% Th( stress-strain graph for an elastic member is theiefore 
a straight line 



Fig — Elastic Sirkss and Strain. 
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Young’s Modulus of Elasticity.— Let us suppose that we have 
conducted a tensile or compressive test on a suitable elastic 
specimen, and have tabulated corresponding ‘ stress ’ and ‘ strain ’ 
values as in Fig. 243. The figures shown in the table represent 
a perfect set of results in that they comply exactly with the terms 
of ‘ Hooke’s Law.’ In the last column the values obtained by 
dividing a ‘stress result’ by tlie corresponding ‘strain result’ 
are shown. The value in each case is the same. 


Material 


124 Concrete 
tested in 
compression 


I 


Stress lb /in • 

Str un 

200 

1 0001 

400 

1 *0002 

600 

1 

0003 

800 

0004 


lor. 243 


Ratio of stress to s*rain ~ 

btr nil 


200 

= 2,000,000 Ib /in * 

000 } ' 

400 

- — ~ 2 . 000,000 
0002 

()00 

= \ 000, 000 ,, 

000 3 

800 

- — S=^ . ,000,000 ,, 

•0004 


Thus if stress varies as strain we may say that the ratio ,,, -r 

Strain 

IS a constant value. If we repLdted the test, using a specimen 
of different dimensions and form of cross-section but of the same 
material, wc would get the same value for the ' stress-strain ' 
ratio. Such a constant, which d(‘pends simply upon the nature 
of the material and not upon the dimensions of the tested speci- 
men, IS termed a ' physical consianiJ To the physical constant 

Stress 

represented by the ratio ^he name ‘ Young's modulus ' is 

given. The letter ' E ' is used to denote ‘ Young’s modulus ' : 

^ Stress 
Strain 

Just as ' density ' (another ' physical constant ’) tells us liow 
much weight is associated with a certain volume of a particular 
substance, so Young's modulus tells us how much stress accom- 
panies a given strain in the material of a given structural 
member . 

Units for * Ed — As * strain ' is merely a number, the units in 
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which Young's modulus values are expressed are those of ‘ stress/ 
e.g. ' Ib.jin^ ' or ‘ tonsjin,^/ 

Typical values of * E ’ : 

Structural or mild steel : 13,000 tons/in.* or 

30,000,000 lb. /in.*. 

Concrete ; 2,000,000 lb. /in.*. 

Timber (average) : 1,200,000 lb. /in.*. 

Rubber, say : 100 lb. /in.*. 

The value for rubber has been inserted to indicate that 
materials which, under similar test conditions, stretch consider- 
ably moie than others have much lower ‘ E ' values. 

Practical Determination of Young's Modulus 

In a practical test on a material like steel or concrete, the 
alteration in length of a specimen will be very small if we keep 
the stress within the elastic range. Such alterations in length 
are not visible to the naked eye. 

To effect accurate reavlings of extensions or contractions in 
these circumstances, special instruments known as ‘ extensometers ' 
are employed. The underlying principles, upon which the opera- 
tion of extensometers depends, vary considerably. A number 
employ the principles of optics. 

Fig, 244 (left figure) illustrates the employment of a Lamb's 
roller extensometer in the derivation of ‘ E ' for a steel cylinder, 
tested in compression. As the specimen contracts in length the 
mirrors, which are attached to rollers fitted in between the 
moving plates, rotate and an incident ray of light from a pro- 
jector, which is successively reflected by the two mirrors, is made 
to travel along a vertical scale. A telescope with cross hairs may 
be used instead of a projector. The distance of the scale from 
the instrument is calculated to give a suitable value to the scale 
graduations. The spring clips shown are in elongated holes to 
allow relative movement of the two plates. 

Examples : 

(i) A bar of sectional area 2 sq. ins. and 5 ft. in length extended 
•012 in. when an axial load of 5*2 tons was applied. Calculate 
Young s modulus for the material of the bar. 
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Stress 

Strain 

E 


E = 


Stress 


Strain 
5*2 tons 


Load 
Area 2 sq. ins. 

Extension _ 
Original length 
2*6 
•0002 


= 2-6 tons/in.2 


•012 m. 


— 'onoj. 


tons /in.* 


60 ins. 

13,000 tons /in.*. 


' Young's modulus ' is one of the physical constants by which 
we can identify a given material. The result of the calculations 
in this problem indicates that the bar was composed of mild steel. 

(ii) Calculate the contraction in length of a short concrete column, 
12 '' X 12'' square section, when carrying an axial load of 72,000 lb. 
The original unloaded length of the column was 8 ft. Assume * E ' 
for concrete to be 2 , 000,000 lb. per sq. inch. 

Let x'' = contraction in length. 

Compressive stress in concrete lb. /in.* 

^ 12 X 12 ^ 


= 72000 

144 

_ Stress 
Strain 

/. 2,000,000 = 


500 lb./ in.*. 

500 __ 500 X 96 
xlg6 X 

500 X ^ 

% 


2,000,000 


ms. 


•024 ms. 


(iii) A short timber post of recta^igular section has one side of its 
section twice the other. When the post is loaded axially with 2160 lb. 
it contracts *0012 ins. per foot of length. If ' E * for this timber = 
1,200,000 Ib.jin.^, calculate the sectional dimensions of the post. 

Let x"* ~ smaller side, 2 x" — larger side. 


Stress 
St I ain 


Area of section 2x^ sq. ins. 

Load 2160 ,, . 1080 

— _ — Ib./m.* = — 

Area 2x'^ 

•0012" 


12" 


-OOGI. 


lb. /in.*. 


Stress 
Sii am’ 
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1 , 200,000 


1080 lx* 
•0001 


. 1080 


120 , 


X 




Sectional dimensions are 3'' x 6^. 


1080 

120 


^ 9 


(iv) Fig, 245 shows the section of a reinforced concrete short 
column. Calculate the stress in the 
concrete and the stress in the steel if an 
axial load of 120,960 Ih. be applied to 
the column. 

' E ' for steel = 30,000,000 lb. jin*, 

* E ' for concrete = 2,000,000 lb. Jin.*. 

In such problems (as in the practical 
design of reinforced concrete members) _ __ 

it is assumed that there is no slipping ^ ^ 

of the steel in the concrete, i.e. that ,,5 _kp,,kkokc..l>Con. 

there is perfect ' bond ’ between tlie creik Column skchon. 
two materials. The steel and the 

concrete will therefore be subjected to equal strain as the column 
shortens under the load. 

Let ' c ' lb. /in.* — stress in concrete and ' / ’ lb. /in.* be the 
stress in the steel reinforcement. 

Area of steel = (4 x -6) sq. ins. = 2-4 sq. ins. 

/. Load carried by steel bars — (2*4 X t) lb. 

Area ot concrete [(14" x 12") — 2-4] sq. ins. 165-6 sq. ins. 

Load carried by concrete — (165*6 X c) lb. 

But load carried by steel plus load carried by concrete = total 
load on column, 

2-41 + i65-6c = 120,960 . . . . • (i) 

We get a second equation connecting * t ' and ‘ c ' Irom the 
equal-strain property. 

30,000,000 steel 



/. Strain in steel = 
Also 2,000,000 = 




30,000,000 

c 


Strain in concrete 
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As strains are equal, 


Strain in concrete 


2 , 000,000 

c 


30 ,000,000 2,000 ,000 


, 30,000,000 

t^cx ^ = 15 ^^ 

2 , 000,000 


(ii) 


This is a well-known and important result much used in rein- 
forced concrete calculations. Substituting in (i) : 

(2*4 X 15c) + i 65-6 c = 120,960 
20I-6c = 120,960 
c = 600 lb. /in.* 

and / = 15 X c — 9000 lb. /in.*. 


Definitions 

Ductility. — A specimen of mild steel when tested in tension will 
not show any visible signs of dimensional alteration during the 
early stages of the test, i.e. during the ‘ elastic range of stress.* 
Shortly after the maximum elastic stress has been reached the 
specimen stretches visibly and extensions can be measured by 
means of dividers. The cross-sectional area becomes much 
smaller and the area at fracture may be less than half the original 



Fig. 246. — Brittle Specimen in Tensile Test. 


sectional area. This property of marked dimensional change 
with increasing applied stress is termed ‘ ductility.' Steel to be 
used in a steel-framed building must exhibit the property of 
ductility when representative specimens are tested. 

Brittleness. — * Brittlaness ' denotes absence of ductility. Cast 
iron is brittle and specimens of cast iron tested to destruction 
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undergo very little dimensional change. Fig. 246 shows a 
typical stress-strain graph for a brittle specimen tested in tension. 

Elastic Limit. — The elastic limit stress is the stress intensity 
up to which it is perfectly safe to go without causing the material 
to lose its property of perfect elasticity. If we stress a piece of 
material beyond its elastic limit stress, it will not regain its 
original size or shape when the deforming force producing the 
stress is removed. 





t 


stness 


ZcSttzaIZJ 


^7>?V7//V 

Fig. 247. — Tensile Test. Mild Steel. 


Permanent Set.— This is the dimensional change which persists 
after aU load is removed. It is due to stressing the material 
beyond its elastic limit. 

Limit of Proportionality. — As the term implies, this is the stress 
value at which the proportional law of Hooke breaks down. In 
most cases little practical distinction need be made between this 
stress and the ' elastic limit stress.' 

Yield Point. — As will be seen in Fig. 247, at a point just above 
the * limit of proportionality ' a considerable increase in strain 
takes place in ductile materials with little increase of stress. The 
stress value at which this big increase takes place is termed the 
* yield point ' of the material. As the * working stress ' in a 
member must be kept well below the yield point, in order to be 
able to take advantage of the high ultimate stresses of certain 

S.M. 7 
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(i) Single shear : Safe load = Working stress x sectional area 

= (/, X nd*/4) tons. 

(ii) Double shear : Safe load (/, x 27 ci*/ 4 ) tons. 

Single shear strength of one rivet (or bolt) = /, tons. 

4 

Double shear strength „ „ == /, tons. 


Bearing Strength of One Rivet 

A thin plate pressing against the shank of a rivet mav do 
greater damage by imposing a high intensity of ‘ bearing ' or 
contact stress than by tending to cause shear in the manner 
already explained. 



It is necessary therefore to limit the intensity of the bearing 
stress on the rivet. 

If '/t ' tons/in.* be the maximum safe bearing stress, and the 
area resisting bearing be taken as the projected area normal to 
the direction of pressure (see Fig. 250), the safe bearing strength 
of one rivet (or bolt) will be given by the expression d x t X ft, 
tons, where = plate thickness. 

Summary 

TCCf ^ 

S.S. strength of one rivet (or bolt) = - tons. 

4 

o 27 rd* - ^ 

D.S. „ „ = — - Jm tons. 

4 

Bearing „ „ „ „ = dt/j, tons. 
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SHEARING and BEARING VALUES 

FOR 

RIVETS AND BOLTS 


BASED ON 
B.S. 449 
REVISED 
1948 


Effective 

Diameter 

Area 

Shearing 
\ alut 



Simple Bearing Value @ 12 fons/inch* 


of Rivet 

in 








on 





or Bolt 

square 

6 tons 

inth* 



rtuckness In inches of plate passed through | 

in 

imhes 

inches 

Sinf It 
Shear 

Doubk 

Shear 

1 

T 


i 1 1% 

i 



H 

i 


rr 

1 

0 1104 

0 66 

1 33 

I 13 

1 41 

1 69 










0 1503 

0 90 

1 80 

1 31 

1 64 

1 97 

2 30 








i 

0 1964 

1 18 

2 36 

1 50 

1 88 

2 25 

2 63 

300 







9 

n 

0 2485 

1 49 

2 98 

1 69 

2 Ii 

2 53 

2 95 

3 38 

3 80 






I 

0 3068 

1 84 

3 68 

1 88 

2 34 

2 81 

3 28 

3 75 

4 22 






ii 

0 3712 

2 23 

4 45 

2 06 

2 58 

3 09 

3 61 

4 13 

4 64 

5 16 





1 

04418 

2 65 

5 30 

2 25 

281 

3 38 

3 94 

4 50 

506 

5 63 

6 19 




1 3 

1 <1 

0 5185 

3 il 

6 22 

2 44 

3 05 

3 66 

4 27 

4 88 

548 

6 09 

6 70 

731 



1 

8 

0 6013 

361 

7 22 

2 63 

3 28 

3 94 

4 59 

5 25 

5 91 

6 56 

7 22 

7 88 



H 

1 

0 6903 

4 14 

8 28 

281 

3 52 

4 22 

4 92 

5 63 

6 33 

7 03 

7 73 

8 44 

9 84 


0 7854 

471 

9 42 

3 00 

3 75 

4 50 

5 25 

6 00 

6 75 

7 50 

8 25 

9 00 

10 50 

1200 

•A 

0 8866 

5 32 

10 64 

3 19 

3 98 

4 78i5 58 

6 38 

7 17 

7 97 

8 77 

9 56 

II 16 

12 75 

LtU( tive 
Diameter 

1 

Area 

Shtanng 

Val.K 



Simple Bearing Value (® 10 tons/inch* 


of Kivet 

in 








on 





or Bolt 

square 

S tons inch 


Thiekncss in 

inches of plate passed throu{,h | 

in 

inches 

Single 

Double 

1 

s 

3 

7 

1 

9 

1 

1 1 

3 

7 

1 

inrhes 


*• h( ir 

Shear 

4 

1 6 

a 

6 

i 

1 6 

1 6 

4 


1 

i 

0 1104 

0 55 

1 10 

0 94 

1 17 

1 41 









~h ^ 

0 1503 

0 75 

1 50 

1 09 

1 37 

1 64 

1 91 









0 1964 

0 98 

1 96 

1 25 

1 56 

1 88 

2 19 

2 50 







A 

0 2485 

1 24 

2 49 

1 41 

1 76 

2 il 

246 

281 

3 16 






i 

0 3068 

1 53 

3 07 

1 56 

1 95 

2 34 

2 73 

3 13 

3 57 







0 3712 

1 86 

371 

1 72 

2 15 

2 58 

3 01 

344 

3 87 

4 30 





i 

04418 

221 

4 42 

i 88 

2 34 

281 

3 28 

3 75 

4 22 

4 69 

5 16 




XI 

1 6 

0 5185 

2 59 

5 18 

2 03 

2 54 

3 05 

3 55 

4 06 

4 57 

5 08 

5 59 

6 0"^ 



1 

06013 

301 

601 

2 19 

2 73 

3 28 

3 83 

4 38 

4 92 

5 47 

6 02 

6 56 



H 

1 

0 6903 

3 45 

6 90 

2 34 

2 93 

3 52 

4 10 

4 69 

5 27 

5 86 

6 45 

7 03 

8 20 


0 7854 

3 93 

7 85 

2 50 

3 13 

3 75 4 38 

5 00 

5 63 

6 25 

6 88 

7 50 

8 75 

1000 

*1^ 

1 0 8866 

4 43 

8 87 

2 66 

3 32 

3 9814 65 

531 

5 98 

6 64 

7 30 

7 97 

9 30 

10 63 


f il It t f in e i I } pir n\ i m iti I 


e<i\ j Iht Bnti h 
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BASED ON 
B.S. 449 
REVISED 
1948 


SHEARING and BEARING VALUES 

FOR 

RIVETS AND BOLTS 


Effective 

Diameter 

Area 

Shearing 


Enclosed Bearing Value , ti : 

12 toDs/inch* + 25% 

of Rivet 
or Bolt 

in 

square 

(i;' 

6 tons/inch’ 



on 

Thickness in inches of enclosed plate 

in 

inches 

inches 

Single iDoubk 
Shear 1 Shear 

1 

4 

A 

j 


3 

1 ’ 

1 "• * 

i 

i L 

1 6 

I 

1 

01104 

066 

1 33 

r4i 

176 









01 503 

090 

1 80 

1 64 

2*05 

2*46 








0 1964 

1 18 

236 

1 88 

234 

2*81 

3*28 






■h 

02485 

149 

2-98 

2 if 

264 

3*16 

3*69 






i 

0-3068 

1 84 

3 68 

2 34 

293 

352 

4*10 

469 





JJ. 

0-3712 

223 

4-45 

258 

322 

3 87 

4-51 

5-16 






0 4418 

2 65 

5-30 

281 

352 

4 22 

492 

563 

6-33 




11 

1 * 

0 5185 

3 11 

622 

305 

381 

457 

533 

609 

6-36 

7-62 




0‘60I3 

3-61 

7-22 

328 

4 10 

492 

574 

656 

7*38 

8*20 




0-6903 

4-|4 

828 

3 52 

4 39 

5 27 

6 15 

7 03 

791 

8*79 

9*67 


1 

07854 

4 71 

942 

3 75 

469 

5 63 

656 

750 

844 

938 

10*31 

11*25, 

If. 

0 8866 

5-32 

10-64 



398 

4 98 

5 98 

697 

797 

896 

996 

I0'96 

11-95 

Effective 

Diameter 

Area 

Shearing 

Value 


Enclosed Bearing Value ( d ; 10 tons/inch* 

+ 25% 1 

of Rivet 
or Bolt 

in 

square 

(d 

5 tons inch’* 


on 

Thickness in inches of enclosed plate 

J 

in 

inches 

inches 

Single [Double 
Shear | Shear 

1 

4 

Jl. 

I 6 

i 

7 

n 

i 

9 

1 6 

i 


i 


0 1104 

0 55 

1 10 

117 

146 








f- 

i 

T 

0 1503 

0-75 

I’SO 

1 37 

\'7\ 

2-05 







0 1964 

098 

1 96 

1 56 

195 

2-34 

2*73 






9 

‘1 « 

0 2485 

1 24 

2 49 

1 76 

220 

264 

3-08 






i 

0 3068 

1-53 

307 

1 95 

244 

293 

3-42 

3-91 





H 

0 3712 

1-86 

3 71 

2 15 

269 

322 

3-76 

'1 JO 





i 

0 4418 

221 

4-42 

2 34 

293 

3 52 

4 iO 

469 

5*27 




j ? 

1 6 

0 5185 

2-59 

5 18 

2 54 

3 17 

3 81 

444 

508 

5-71 

6‘35 



i 

0 6013 

301 

601 

273 

342 

4 10 

479 

547 

6-|5 

6*84 



1 

0 6903 

345 

6- 90 

293 

366 

4 39 

5 13 

5 86 

6 59 

7-32 

8*06 


0 7854 

3 93 

7 85 

3-13 

391 

469 

5 47 

625 

703 

781 

8-59 

9*38 


08866 

4 43 

8 87 

3-32 

4 15 

498 

581 

6 64 

747 

8 30 

9*13 

9-96 


ifOnstructiofuil Steelwork Association and the British Steelmakets. 

* See note at foot of page 188. 
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The actual safe load for a rivet (or bolt) in any given case wiU 
be the leiser of its ‘ shear * and ' bearing ' values. 


Working Stresses for Rivets and Bolts 

The tables given on pages 184 and 185 are based on the working 
stresses specified at the head of the respective tables. The reader 
will have no difficulty in amending the tabular values for the 
case of a working stress not included in either of the three tables 
given. The safe value for a bolt or a rivet is directly proportional 
to the appropriate working stress selected. 

Example (i). — Calculate the safe load in {i) double shear, {ii) 
bearing for a Y dia. rivet, assuming a plate thickness of and the 
follovDing working stresses: f, = 6*5 tons jin}, fi, — 13 tonslin.^, 

(a) By use of formtdce: 

D.S. value 2^- f tons = 2 x - ^ X 6-5 tons 

4 4 

== 574 tons. 

Bearing value = dtfi, tons = | X A X 13 tons. 

= 5-48 tons. 

(b) By use of tables! 

Using the first table, evaluated for /, = 6 tons per sq. inch and 
ft, — 12 tons per sq. inch, we have, for the given stresses : 

D.S. value = ^5-3 X tons = 574 tons. 

Bearing value = (5*06 X ]l) tons — 5-48 tons. 


The safe load for a f'" dia. rivet in the given circumstances will 
be 5*48 tons. 

ItXAMPLE (ii). — Calculate the safe load for the joint shown in Fig. 
2^1, from the point of view of the rivets in the connection. 



6 7 ^*-. 

Fig. 251. — Riveted Joint. 
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In this example the tie-member laps on to the gnsset plate so 
that the two connecting rivets are in single shear. These rivets 
are also under bearing stress in plate thicknesses, respectively, of 
I"" and The thickness would clearly produce the higher stress. 
In the case of a lap joint with plates of different thicknesses, take 
the smaller thickness for bearing-strength calculations. 

Single shear strength of one f"" dia. rivet at 6 tons /in.* 

Tzd^ - 7t X I® r o i 

= — = ^ X 6 = 1*84 tons. 

4 4 

Bearing strength of one I*" dia. rivet in f" plate thickness = 
= I X I X 12 = 2*8i tons. 

The lesser of these two strengths = 1*84 tons, therefore one 
rivet is worth 1-84 tons in the joint. 

Safe total load = 2 X 1*84 3-68 tons. 

The connection between the gusset plate and the angles is 
clearly stronger because we have here 3 rivets in double shear or 
bearing in I" thickness. 



Example (iii). — Fig. 252 shows a plate, 6 "" wide x f'" thick, 
connected to two Y plates by means of 4 Flo. i" dia. turned and 
fitted bolts. Calculate the safe load the connection can transmit. 
f = 6 tonsjin.^, ft, = 12 tonslin.^,fi =- 8 /ens/m.* 

In this case three distinct strengths will have to be considered : 
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(i) Bolt strength, (ii) plate strength, (iii) the combined 
strength of the two plates. 

Bolt strength: 

The bolts are in double shear and bearing in ^ plate thickness. 
The Y plate thickness is not taken for bearing-strength calcula- 
tion, although less than Y, because the two Y plates act in con- 
junction and are equivalent to a thickness of Y V = i""- 

Double shear strength of one i"" dia. bolt = 2 X — f, tons 

4 

== 2 X X 6 tons = 9*42 tons. 

4 

* Bearing strength of one i'' dia. bolt in Y plate thickness = dtfi^ 
= (i X i X 12) tons = 9 tons 

Actual value of one bolt = 9 tons 

Bolt strength of connection = 4x9 tons = 36 tons. 

Y plate strength: 

This plate is in tension and will tend to fail at a section weakened 
by bolt holes. When there are several sections weakened by reduc- 
tion of sectional area, each section should be separately considered. 

Section i. — The * effective ' or 'solid plate width at this section 
= 6 ' - (2 X I)' = 4' 

/. Effective or net area = 4"" x f'' = 3 sq. ins. 

Safe tensile load = net area x working tensile stress ==(3x8) 
tons = 24 tons. 

Section 2. — If the plate failed at this section it could not come 
out from between the two Y P^^ites owing to the two bolts at 
section i acting as stop pegs. Therefore the strength of these 
two bolts should be added on to the Y pl^^^te strength at section 2, 
in order to compute the total strength there (see also Example 
(iv)). The plate is therefore stronger at section 2. 

Combined Y plates : — (no * stop peg ’ allowance this time). 

Tensile strength = Effective area x 8 tons/in. ^ 

= [(6 — 2) X (2 X J)] X 8 tons = 32 tons. 

Summary : Bolt strength = 36 tons. 

pi. strength — 24 tons. 

2 jY ph strength = 32 tons. 

* When rivets arc in double shear the permissible Ix'aring stress on the central 
thickness of metal may be increased by 25 per cent. This allowance will not be 
claimed in this book. 
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The safe load for the connection is the smallest of all these 
values, i.e. 24 tons. 

Example (iv), — Calculate the safe load for the double-covered 
butt joint given in Fig. 253. Use the follojving working stresses: 
f, = 6 tons jin.*, = 12 tonsjin.*, /i = 7 tons jin.*. 



Fig. 253. — Double -COVERED Butt Joint. 


The rivet arrangement, giving a single or * leading * rivet at 
section i, results in an efficient or economical joint, as only one 
rivet hole is deducted from the solid plate section without some 
compensating rivet strength (see below). The reader will note 
the usual allowance of " clearance on the nominal rivet diameter 
to allow easy entry of the rivet (when hot) into the rivet hole. 
Some regulations permit the * finished ' rivet size, i.e. {I" in this 
case, to be used for strength calculations. 

Rivet strength: 

TC 'yC ■X'® 

D.S. value of one rivet = 2 X — x /, = 2 x X 6 

4 4 

== 5*3 tons. 

* Bearing value of one rivet = difi^ — f " x X I2 = 4-5 tons 
Strength of one rivet = 4-5 tons 
.•. Total rivet strength = 3 {not 6) X 4-5 = 13*5 tons. 

Y plate strength : 

Section i. — Tensile strength = (475 — ie) X ^ X 7 = 1378 
tons. 

Section 2 . — Total strength = (475 — 2 X yf) X 4 X 7 plus 
the strength of one rivet = 10*93 + 4*5 = 15*43 tons 
Actual Y pi^'te strength = 1378 tons. 

• 12 tons/in.* taken for this problem for /», as noted at foot of page 188. 


S.M. — 7' 
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Cover-plate strength: 

The weakest section for the covers is ‘ section 2/ There is no 
rivet strength to be added on. The ' leading rivet ’ at section i 
would simply come away with the fractured joint. 

Tensile strength = (475 — • 2 X yl-) X 2 X | X 7 tons =3-125 
X 5*25 = 16-4 tons. 

Summary: Rivet strength = 13-5 tons. 

Y plate strength = 1378 tons. 

Cover-plate strength = 16-4 tons. 

Actual safe load for joint = 13-5 tons. 

Example (v). — Calculate the safe uniformly distributed load 
* W * (Fig. 254) from the point of view of the end connections of the 
steel beam, /, = 6 tons Jin*, ft == 12 tons jin.*. 
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Fig. 254. — Bracket Connection. 


In practical connections of the type illustrated, the single shear 
strength of the rivets is the criterion. Thus in this case : 

X 

S.S. strength of one rivet = — x 6 = 3-61 tons 

4 

Bearing strength of one rivet = dtft = J x i X 12 = 5-25 tons 
/. Actual strength = 3-61 tons 

[Sometimes a slight reduction is made in the rivet strength to 
allow for a bending tendency on the bracket.] 

/. Total rivet strength = 6 x 3-61 = 21-66 tons. 
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This value is the maximum safe reaction for the beam, therefore 
the maximum safe value of ‘ W ' = 2 x 21-66 = 43-32 tons. 


Exercises 9 

(1) A tie-bar has a rectangular section, 4" x It is sub- 
jected to an axial pull of 20 tons. Find the stress in the material 
of the tie-bar. Replace the f thickness given by another thick- 
ness which would correspond to a stress of 5 tons per sq. inch. 

(2) A mild steel tie-rod has to carry an axial load of 5-4 tons. 
The maximum permissible stress = 9 tons per sq. inch. Calcu- 
late a suitable diameter for the rod. 

(3) A reinforced concrete column transmits a total axial load 
of 106-5 tons to a footing slab of 6 tons estimated weight. Assum- 
ing the ground to have a safe bearing pressure of 2 tons per sq. 
foot, calculate suitable dimensions, in plan, for the slab. 

(4) A short square pier is built of blue brickwork in cement 
mortar. Calculate the necessary side of the square section if 
the pier is to carry a concentric load of 12-5 tons. Assume 10 
tons per sq. foot to be the safe load for the brickwork. (Make no 
allowance for self-weight of pier.) 

(5) How many dia. rivets in single shear would be required 
to transmit a shear load of 26^ tons, if the maximum permissible 
stress were 6 tons per sq. inch ? 

(6) Calculate Young's modulus in compression for a specimen 
of timber, 4" x 4" in section, which shortened by •0016'' on 
a gauge length of S'" when the test load (axially applied) was 
3840 lb. 

(7) A mild steel tie-rod 10 ft. long, having a sectional area of 
1*5 sq. ins., is subjected to an axial pull of 9-75 tons. Assuming 
* E ' to be 13,000 tons per sq. inch, calculate the extension in the 
rod. 

(8) A short compression specimen is composed of concrete and 
steel. The total sectional area = 24 sq. ins., comprised of 4 sq. 
ins. of steel surrounded by 20 sq. ins. of concrete. The specimen 
is subjected to an axial test load which produces a stress of 600 
lb. /in.* in the concrete. Calculate (i) the stress in the steel, (ii) 
the test load referred to. 

= 30,000,000 lb. /in.*, = 2,000,000 lb. /in.*. 
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(9) The following results were obtained in a laboratory test 
on a steel specimen : 

Sectional area of specimen *66 sq. ins. 

Gauge length == 8 ins. 

Applied load = 2-145 tons. 

Corresponding extension on gauge length = -002 ins. 

Maximum load in test = 21*12 tons. 

Calculate (i) Young's modulus, (ii) ultimate stress, (iii) necessary 
thickness for a tie-bar of this quality of steel, 4^ wide, to safely 
carry an axial load of 16 tons, using a factor of safety of 4. 

(10) A specimen of mild steel, 4'' x f'', broke in a tensile test 
at a maximum load of 90 tons. Calculate the necessary diameter 
of a circular bar of the same quality steel which has to carry 
an axial pull of i*8 tons. Use a factor of safety of 5. 

(11) Briefly explain the meaning of the following : ‘ ultimate 
stress,* * factor of safety * and ' Young’s modulus.* Draw a fully 
referenced diagram indicating the stress-strain relationship for 
a mild steel specimen tested to destruction. 

A short compression specimen of concrete, 4** x 4*’ in section, 
was tested between the same compression plates as a timber 
specimen, 6'* X b"’ in section. 

Calculate the load carried by the concrete and the load carried 
by the timber if the testing machine registered a total load of 
3760 lb. Eeoncrete = 2,000,000 Ib./iu.*, Et^ber = 1,200,000 Ib./iu.* 

(12) Fig. 255 shows the end connection of a strut member. 
Calculate the safe load for the strut from the point of view of the 
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rivets at its end, assuming the working stresses in shear and 
bearing to be 6 tons/in.’* and 12 tons/in.® respectively. 

(13) Calculate the safe load for the tie-bar joint given in Fig. 
256. The tensile stress has to be limited to 8 tons/in.®. 



(14) Obtain the safe end reaction for the beam shown in Fig. 
257 from the point of view of the strength of the bolts in the web 
cleats. 

/, = 6 tons/in.*, /(, = 12 tons/in.® 



Fig. 257. — End Connection for Beam. 




CHAPTER X 


SIMPLE BEAMS. BENDING MOMENT AND SHEAR 

FORCE 

The theory underlying the calculation of the load-carrying 
capacity of a simple beam will be developed by means of an 
experimental model beam. The more mathematical treatment 
of the theory of bending will be found in other text-books on this 
subject. 
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Fig. 258. — Types of Beams. 


Fig. 258 illustrates various types of beams. The type most 
commonly occurring in beam calculations is the simply supported 
beam of one span. The end connections of such a beam are not 
assumed to be able to develop any appreciable degree of * fixity * 
in the beam. 


194 



BENDING MOMENT AND 




'A 



^ ctejbao/bedtf 

A c^cmon^sCnaut^ 


I- 

I- 



S^ndcnff te^tjdc.n^o^ 
cut se>o£Lon^ X X . 


SHEAR FORCE 195 



Mer6CcaZ shjbCLT ct^ 

^e^oCxUyri xx. 


Fig. 259. — Bending Moment and Shear Force. 


Failure Tendency at a Beam Section 

Consider section ' XX ' of the cantilever shown in Fig. 259. 
If we saw-cut through the cantilever at this section, collapse of 
the portion to the right of the section plane would take place. 

The failure may be attributed to two distinct reasons : (i) the 
load ‘ W * produces a moment at section ' XX ' which the 
cantilever, when cut, is unable to balance ; (ii) the load * W ' is 
able to cause vertical sliding at the section when the ' shear * 
resistance there is destroyed by the saw-cut. 

It is important to realise that to prevent failure of a beam at a 
section such as ' XX ' we must independently counterbalance the 
two failure tendencies indicated above. This is borne out by 
trial with the beam model shown in Fig. 260. 

(i) If the pull in the vertical string be reduced the cantilever 
fails. The tension in the chains and the thrust in the horizontal 
bars do not assist vertical equilibrium. 

(ii) If either the chains or bars be removed collapse takes place. 
The pull in the vertical string is not able to maintain equilibrium. 

A further experimental result should be carefully noted. If an 
additional weight, say 2 lb., be placed on the detached portion 
of the cantilever, 2 lb. extra weight will have to be placed in the 
scale pan to preserve equilibrium. But the exact position in 
which the 2-lb. weight is placed on the cantilever is quite im- 
material provided it is placed to the right of the vertical string 
(see the definition of ' shear force * later). 
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Fig 260 — Forces Acting at a Beam Section. 

To demonstrate the failure tendencies with the beam model; 
it is necessary to have a gap in the cantilever as shown in Fig! 
260. In the following development of the theory this gap is 
assumed to be extremely small, so that section * XX ' may be 
taken to be at the left end of the detached portion of the 
cantilever. 
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Bending Moment at Section ‘ XX ' (Fig. 261) 

The load ' W ' and the string tension ‘ S/ being equal and 
unlike parallel forces acting out of line, form a couple. It is the 
moment of this couple which causes the ‘ bending-off * tendency 
of failure at section ' XX/ This moment, the magnitude of 
which is ^ W x // is termed the ‘ bending moment ' at section 
‘XX.’ 


Shear Force at Section ‘ XX ' 

The load ‘ W,' the resuUant force tending to cause vertical 
shearing at ' XX,' is termed the ‘ shear force ' at the section. 

The first portion of the work on beams will be devoted to the 
investigation of the magnitudes of the two quantities ‘ bending 
moment ’ and ‘ shear force ' respectively, in certain beam examples. 
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Later we will have to consider how the internal fibre forces at a 
beam section, such as ' XX,* build up a ' couple,' able to perform 
the task of the chains and the metal bars in the model beam 
apparatus. 


Definitions 

Bending Moment (B.M.). — The bending moment at any section 
of a beam is the resultant moment about that section of all the forces 
acting to one side of the section. 

Shear Force (S.F.). — The shear force at any section of a beam is 
the resultant vertical force of all the forces acting to one side of the 
section. 

Note . — It is necessary, first of all, to decide which side of the 
given beam section is going to be taken. Both in ' B.M.* and 
* S.F.* calculations, whichever side be selected, the respective 
answers will be the same. In cantilevers it is easier to consider 
the forces which act to the ' free end * side of the section con- 
sidered. Shear force calculations, as indicated in the definition 
of S.F. above, merely involve tlie algebraic addition of vertical 
loads. The actual positions of the loads, therefore, do not affect 
the S.F. value, provided they lie to one side of the section (cf. 
experimental result on page 195). 
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Fig. 262 — Bending Moment and Shear Force. 


Example. — Calculate the B.M. and S.F. at section ‘XX* of 
the given cantilever {Fig. 262). 

We consider the forcc.^ to the right of section ‘ XX,* completely 
ignoring those to the left. We then imagine a hinge at the point 
‘ F ' and treat the portion ‘ FB ’ as a simple lever with the fulcrum 
at ‘ F.* 
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Resultant moment about ‘ F ’ = (i cwt. x 5 ft.) 

+ (3 CWts. X 2 ft.) 

= (5 + 6) cwts. ft. 

= II cwts. ft. 

/. B.M. at section ' XX ' == ii cwts. ft. 

Bending moment values are expressed in the usual units for 
' moments.* 

The resultant vertical force, considering all the forces which lie 
to the right of section ‘ XX/ = 3 cwts. + i cwt. = 4 cwts. 

S.F. at section ' XX ’ == 4 cwts. 

Shear force values are, of course, expressed in force units. 

Convention of Signs for B.M. and S.F. 

Fig. 263 illustrates the two possible types of curvature which 
a given bending moment may impose on a beam. These are 
distinguished by emplo)nng ' plus * and * minus * signs. The 
convention adopted throughout the book is shown in the figure, 

C^riOeXA^ 
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AJepa/cA/ef be^xdjLnff 
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Fig. 263 — Convention of Signs. 


Shear force may tend to cause shear in the two ways indicated. 
The convention adopted in this case is also shown in Fig. 263. 

B.M. and S.F. Diagrams 

It is sometimes necessary to draw a graph showing the variation 
of bending moment along the span of a beam. Such a graph is 
known as a ' bending moment diagram.* A ‘ B.M. diagram ' has 


Convey oprva^nots 
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two independent scales ; (i) a linear scale for the span (e.g. i' = 
4 ft.), and (ii) a B.M. scale for the vertical ordinates (e.g. i' = 2 
tons ft.). 

In the same way ‘ S.F. diagrams ' are constructed to ‘ linear ’ 
and 'force ’ scales. The general form of B.M. and S.F. diagrams 
in certain standard cases will now be considered. 


Cantilever with Single Point Load at the Free End 

Fig. 264 shows a cantilever ‘ AB ’ with a point load of 2 tons 
at ‘ B.’ 


zra/srs 




Fig. 264. — Bending Moment Diagram. 


B.M. values i 

At ‘ B,’ the free end : B.M. = 2 tons x o ft. = o tons ft. 

„ I ft. from ‘ B ’ : B.M. = 2 „ x i „ = 2 „ „ 

*» ^ M >» »i B.M. = 2 ,, X 2 ~ 4 >> *1 

•» 3 »» »> >t B.M. = 2 ,, X 3 >» “ b ,, ,, 

The form of the graph is now clear, as each ordinate represent- 
ing a B.M. value is proportional to the distance of the particular 
section from ' B.' 

The maximum bending moment will obviously be at the 
support in this case. 

B.M.,„„. = 2 tons X 3 ft. = 6 tons ft. (negative). 

If ' W ’ = the point load and ‘ = the length of the cantilever, 

the max. B.M. will be given by the expression ' W/.’ The B.M. 
diagram will be bounded by a straight line as indicated in Fig. 264. 
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S.F, Values 

In cases in which the length of bearing of a load on a beam is 
small compared with the beam length, the load may be regarded 
as acting at a * point' for purposes of B.M. and S.F. diagram 
construction. This accounts for the sudden vertical jumps which 
are common in S.F. diagrams. In actual fact, of course, there 
must be a transition from one ' shear ' value to another, however 
rapid, and no point in a beam can simultaneously have two S.F. 
values. 

Just inside point ' B * (Fig. 265) the S.F. = 2 tons, i.e. the 
load to the right of the section. 



Fig. 265. — Shear Force Diagram. 

At I ft. from ' B,’ S.F. = load to right of section 2 tons 
If 2 ,, ,, ,, ,, ft tt )} 2 ,, 

The shear force is 2 tons for every section in the cantilever. 
Expressed in symbols, S.F. = constant = ' W.' The S.F. graph 
will be a straight line parallel to base (Fig. 265). The B.M. 
diagram is drawn below the base line and the S.F. diagram above 
the base line in agreement with the convention of signs adopted. 

Addition of B.M. (or S.F.) Values and Diagrams 

When a beam carries several loads, or more than one type of 
load system, it is sometimes convenient to deal separately with 
suitable component portions of the total load. The B.M. (or 
S.F.) values for a given beam section, contributed by the various 
component loads, are then algebraically added. Thus if a total 
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section 2 ft. from the support. Write down the values of B.M. 

and S.F.^, respectively. 





Fig 267. — Cantilever with Point Loads 


B.M. at ‘ B ’ = o. The bending moment is zero at the free 
end of a cantilever. 

B.M. at ‘ D.’ Regard ‘ D ’ as a fulcrum and ‘ DB ’ as a 
simple lever. 

B.M.d = 200 lb. X 2 ft. = 400 lb. ft. 

B.M. at' C.’ Regard ‘ C ’ as a fulcrum and ‘ CB ' as a simple 
lever. 

B.M.o = [(200 X 4) + (400 X 2)] lb. ft. 

= (800 + 800) lb. ft. = 1600 lb. ft. 

B.M. at the support ‘ A.’ Regard ‘ A ’ as a fulcrum. 
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B.M.^ = [(200 X 5 ) + (400 X 3) + (300 X i)] lb. ft. 

= (1000 + 1200 + 300) Ib. ft. 

= 2500 lb. ft. 

(All these bending moments are negative, according to the 
convention of signs we have adopted.) 

Special section 2 ft. from support {point ' E *): 

Regard ' E ' as the fulcrum of a simple lever ‘ EB.' 

B.M.fl -= [(200 X 3) + (400 X i)] lb. ft. 

= (600 + 400) lb. ft. = 1000 lb. ft. 

Shear Force. — Between points ' B ' and ' D ' the shear force 
is 200 lb. At any point between ' D ’ and ' C ' there is a total 
load of (200 -f 400) lb. to the right, hence the S.F. between 
' D ' and ‘ C ’ = 600 lb. S.F. at ' E ' = 600 lb. 

S.F. between ‘ C ' and ' A ' = (200 + 400 + 300) lb. = 900 lb. 

= 2500 lb. ft. 

S.F.n»„. = 900 lb. 

Construction of Diagrams 

Bending Moment. — As B.M.s are all negative, the ordinates 
are drawn downwards from the base line. At ‘ D ' draw ' Dd ' 
to represent 400 lb. ft. At * C ' draw ‘ Cc ' to represent 1600 
lb. ft., and at the support draw * Aa ' to represent 2500 lb. ft. 
Join up Bdca. 

Shear Force. — At ‘ B ' draw ‘ B6 ' to represent 200 lb. and 
draw ' bdf parallel to base. ' d^d ' must then be drawn to scale 
to represent 400 lb. At each load point the S.F. diagram jumps 
vertically upwards by an amount which represents the correspond- 
ing load, to the force scale of the diagram. 

The diagrams should be constructed to the following scales : 

B.M. diagram : i"" = i ft. and i"" == 800 lb. ft. 

S.F. diagram : i*' = i ft. and = 400 lb. 

The values calculated for the special section may be checked 
by means of the two diagrams. 

Cantilever with Uniformly Distributed Load 

The cantilever given in Fig. 268 carries a load of ' 2 cwts. per 
foot run.' To find the B.M. at any particular section of the 
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Fio. 268. — Cantilever with Uniform Uoad. 


cantilever we imagine, as in the last case, a fulcrum at the section 
and the portion to the right to be a simple lever. 

For purposes of taking simple moments a uniformly distributed 
load may be regarded as being concentrated at the centre of its 
length (i.e. its centre of gravity). 

Let ‘ X ’ — distance from ‘ B ’ of a typical section of the beam. 
When * = I ft. (see Fig. 268), (2 x i) cwts. lie to the right of the 
section. The centre of this load is J ft. from the section, hence 
the B.M. at the section = 2 cwts. x i ft. = i cwt. ft. 

When = 2 ft., B.M. = [(2 X 2) cwts. X i ft.] = 4 cwts. ft, 

„ X = 3 ft., B.M. = [(2 X 3) cwts. X I ft.] = 9 „ „ 

.. * = 4 ft., B.M. = [(2 X 4) cwts. X 2 ft.] = 16 .. „ 
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The ‘ a; ’ values are in the ratio i : 2 ; 3 : 4. 

The B.M. values „ „ „ i : 4 : 9 : 16, i.e. i* : 2* : 3* : 4*. 

This means that the B.M. value varies as the square of the 
distance from ‘ B.’ The B.M. graph is therefore a parabola — a 
curve satisfpng the given conditions. 

li ' w' = load per unit run and ‘ = length of the cantilever, 

the total load carried by the cantilever = ze/ = W. 

B.M.mai. will occur at the support and will equal W X //2 = 

m 

2 

Geometrical Construction of a Parabola 

The base line representing the length of the cantilever is 
divided into a convenient number of equal parts and the ordinate 
which represents the maximum bending moment is divided into 
the same number of equal parts. Verticals and radials are drawn 
in, as shown in Fig. 268. The intersections of corresponding 





Fig. 269. — Cantileveb: Example, 
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verticals and radials, in the manner indicated, give points on the 
parabola. 

Shear Force. — Referring to Fig. 268, when a; = i ft. the load 
to right of the section = 2 cwts. When x — 2 ft. the load = 

4 cwts. In this case these loads, which represent S.F. values, 
increase in direct proportion with the distance from the free end 
of the cantilever. The shear force graph is therefore an inclined 
straight line. The max. S.F. will occur at the support and will 
equal ' W,' the total load on the cantilever. 

Note, — The max. S.F. for a cantilever with any load system 
equals the total load carried by the cantilever. 

Example. — Draw the B.M. and S.F, diagrams for a cantilever 

5 ft. long, which carries a uniformly distributed load of total value 
16 cwts. Calculate the B.M. and S.F. values for the centre point 
of the cantilever. 

B.M.mi^x. = ~ == 40 c.f (negative). 

= total load = W = 16 cwts. (positive). 

The diagrams are shown in Fig. 269. 

B.M. at centre of cantilever = (8 x 1*25) c.f. = 10 c.f. 

S.F. „ „ „ =8 cwts. 

Suggested scales for diagrams : 

i"" = I ft., 1" == 10 c.f. (B.M.), i"" = 4 cwts. (S.F.). 

Beams Simply Supported at Each End 
The B.M. and S.F, definitions, given on page 198, may be 
expressed in simplified form for the case of simply supported 
beams. 

Bending Moment = ‘ Reaction moment — load moynents. 

The ' reaction ' and ' loads ' must be taken to one side of the 
section and ‘ moments ' taken about the section. 

Shear Force = ‘ Left-end reaction — sum of loads up to section.’ 
If the left side of section be taken always for S.F. computation, 
the correct sign will be obtained for the S.F. value. 

Simply Supported Beam with Single Non-central Point 
Load 

The usual first step in all beam problems is to calculate the 
support reactions. 
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The B.M. and S.F. diagrams are drawn to agree with the 
convention of signs laid down. 

Example. — A simply supported beam of effective span 
carries a concentrated load of 6 tons at 3 ft, from the left support. 
Construct the B.M. and S. F. diagrams for the beam. (See Fig. 270.) 

Note . — The ‘ effective span ' of a beam is the span ' centre to 
centre ’ of the bearings. This span is used in diagram construction 
and for calculation of beam loading, etc. 

Ra X9 = 6x6==36 
Fa = 36/9 = 4 fons. 

RbX9 = 6x3==iS 

Rb ~ 18/9 =2 tons. 

B.M.c = Ra X 3 or Rr X 6 

= (4x3) or (2 X 6) tons ft. 

= 12 tons ft. 

By formula: B.M.c = -y = “ ^ - =12 tons ft. 

The B.M. diagram is a triangle with a maximum height of 
12 tons ft. (at point * C '). To construct the S.F. diagram, 
erect at ' A ' an ordinate to represent ' Ra/ i.e. ' 4 tons.' The 
completion of the diagram is shown in Fig. 270. General rules 
for the construction of shear force diagrams are given on page 221. 



Fi€. 271. — Simple Beam with Central Point Load. 



210 INTRODUCTION TO STRUCTURAL MECHANICS 
Simply Supported Beam with Single Central-point Load 
The max. B.M. for this case may be derived from the previous 

case by putting a — b = K (Fig. 271.) 


B.M.0 = 


\Nab 


117 I ^ 

W X - X - 

2 2 


m 
4 ■ 


i i 

Alternatively, by direct method, B.M.q = Reaction moment 
W . . / W/ 


X - = 

224 


For the shear force diagram we have : R^ = Rb = 


W 


Simply Supported Beam with Several Point (or Concen- 
trated) Loads 

The nature of the complete B.M. and S.F. diagrams in this 

<ScM/ts 4c*vts 6c*vts 4-c*vts 



Fig. 27a.—- Composition of B.M. and S.F. Diagrams. 
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case may be demonstrated by using the principle of the algebraic 
addition of component diagrams. 

Although this method of ' diagram addition ' is not normally 
employed, it is a very useful method in dealing with beams with 
complicated load systems or systems of an unusual character. 
In this particular case it will be noted that the final B.M. diagram 
is bounded by straight lines which change their slopes at the 
load points. If we calculate, and plot to scale, the net B.M. values 
at the respective load points, the B.M. diagram may be com- 
pleted by merely joining up the tops of the ordinates. 

The S.F. diagram is a stepped diagram, the vertical drops 
taking place at the load points and representing the corresponding 
loads to scale. The reader should check the values given on the 
component diagrams. 

Example. — Fig. 273 shows a simply supported beam carrying a 
concentrated load system. Calculate the B.M. and S. C. values for 
a section 6 ft. from the left end. Check the values obtained by con- 
structing the B.M. and S.F. diagrams for the beam. 


‘4-0¥y/Cs Sovts 2 , 0 ^ 



Fig. 273. — Simple Beam with Several Point LoM>t. 
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The B.M. and S.F. diagrams for this example will be developed 
in the straightforward way usually adopted. 

Ra X 15 == (4 X 12) + (8 X 5) + (2 X i) 

= 48 + 40 + 2 — 90 

Ra == — cwts, = 6 cwts. 

15 

Rb X 15 = (2 X 14) + (8 X 10) + (4x3) 

= 28 + 80 + 12 = 120 

Rb == cwts. = 8 cwts. 

15 

B.M.o = Reaction moment — • Load moment 
= [(6 X 3) — o] = 18 c.f. 

B.M.u = Reaction moment — Load moment 
= [(6 X 10) -- (4 X 7)] c.f. 

= (60 — 28) c.f. == 32 c.f. 

Alternatively, taking forces to right of section ' D/ 

B.M.j) = Reaction moment — Load moment 

= [(8 X 5) ~ (2 X 4)] ci. 

= (40 — 8) c.f. = 32 c.f. 

B.M.g = Right-end reaction moment 
= (8 X i) c.f. = 8 c.f. 

Construction of B.M. Diagram. — At ' C ' an ordinate is erected 
to scale 18 c.f., at ' D ' to scale 32 c.f. and at ' E ' to scale 8 c.f. 
The completed diagram is given in Fig. 273. 

To obtain the S.F. diagram an ordinate must be erected at 
' A * to represent 6 cwts. At ' C ' the diagram must drop 
vertically a distance representing * 4 cwts.' and so on. The 
diagram is checked by the fact that it should give * — Rg ' as 
the S.F. value at the right end. 

Values at the special section at * F 

The forces are taken to the left or the right of section as most 
convenient. 

Taking forces to the left : 

B.M.y = Reaction moment — Load moment 
== [(6 X 6) - (4 X 3)] c.f. 

= (36 — 12) c.f. = 24 c.f. 
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If we plotted this expression for values oi ' x* from ' o ' (i.e. 
at ‘ A ') to ' / ' (i.e. at ' B we would obtain a graph in the form 
of a parabola. The maximum ordinate of the parabola will occur 
for X = 1/2, i.e. at mid-span. 


B.M., 


fwl 
\ 2 


X 


0 


X 



wl^ 

4 


wl* _ wl* 

T ~T’ 


Replacing ' wl’ hy ‘ W,’ the total load on the beam, 


B.M 


• max. 


Wl 

8 ’ 


Tlie shear force at the typical section = Left-end reaction — 


Load up to section ~ ~ — 

The expression indicates that the shear force graph will be of 
a linear character. 


When X = 0 (i.e. at A), S.F. = — o = 

2 2 2 

When X = I (i.e. at B), S.F. = = 

2 2 2 

In all simple beams of the type now being considered, the shear 
force at the leh end of the beam is the ' left -end reaction,' and at 
the right end of the beam it is the ' right-end reaction.' 

Example. — A simply supported beam of 20-ft. effective span 
carries a uniformly distributed load of total value lo tons. Construct 
the B.M. and S.F. diagrams for the beam. Calculate the values of 
B.M. and S.F. respectively for a section 8 ft. from the left support, 

B.M.^x == - = — 5 tons ft. = 25 tons ft. 

o o 

w 

S.F.U14,. = i — = 5 tons at ‘ A ' and — 5 tons at ‘ B.' 

B.M, at 8 ft. from left support: 

B.M. = Reaction moment — Load moment 
= (5 X 8) - (4 X 4) 

== (40 — 16) tons ft. = 24 tons ft. 

S.F. at 8 ft, from left support: 

S.F. = Left-end reaction Load up to section 
= 5 tons — 4 tons == r ton (positive). 
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a /o£o/^s 



Fio. 273. — Uniformly Distributed Load. 


Suggested scales for diagrams : 

I-' = 4 ft., i" = 8 tons ft. (B.M.), i" = 2 tons (S.F.). 

Example on Timber and Steel Floor 

The diagram {Fig. 276) shows a floor in which timber beams are 
supported by steel joists. Assuming the total floor load to be 120 lb. 
per sq. foot {inclusive of the self-weight of the floor), draw the B.M. 
and S.F. diagrams for one of the timber beams. Calculate the 
maximum bending moment in each of the steel beams ‘ AB* and 
* CD* respectively. 

Timber Beams . — Area of floor supported by one beam 

= 10 ft. X ~ ft. = — sq. ft. = 12*5 sq. ft. 

U.D. load carried by one beam = (12*5 x 120) lb. — 1500 lb. 

Max. B.M. = w ^ ^ j 

8 8 

W 

Max. S.F. = ± — = ± 750 lb. 

2 
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Steel Beam ' A B.' — This beam carries the reaction loads from 
the timber beams in the spans on either side. It is usual to 
assume that such a load system may be taken as uniformly dis- 
tributed for the supporting beam. Beam ‘ AB ’ will have to 
carry a ‘ uniform load ’ equal to that carried on a floor area 
(5 + 5 ) ft. X 15 ft. = 150 sq. ft. 

Total load = (150 X 1.20) lb. = 18000 lb. 

T, • u .Au. 18000x15,1 f. 

Max. B.M. m beam AB = -g- = g lb. ft. 

= 33750 lb. ft. 

Steel Beam ‘ CD.' — Beam ' AB ’ is supported at end ‘ A ’ by 
beam ‘ CD.’ Beam ‘ CD ' therefore carries a reaction load, at its 
centre, equal to half the load carried by beam ‘ AB.’ 

Load carried by beam ' CD ’ at its centre 

= — ^ — lb. = 9000 lb. 

B.M. at centre of beam ' CD ’ due to this load alone 
92 ?^^ lb. ft. = 45000 lb. ft. 

Beam ‘ CD ’ carries in addition the reaction loads from the 
timber beams in the left-end bay. As in the case of beam ‘ AB,’ 
it is usual to consider such load as being uniformly distributed 
along ' CD.’ 

Total ‘ U.D.' load = (5 x 20 x 120) lb. = 12000 lb., i.e. 
half the total load on the left-end bay. 
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B.M.^x. in ‘ CD ’ due to this load = ^ ib. ft. 

O O 

= 30,000 lb. ft. 

As both the maximum bending moments calculated occur at the 
same beam section, i.e. at the centre of span, we may add them 
together. 

Total max. B.M. in beam CD = (45000 -f 30000) lb. ft. = 
75000 lb. ft. 


Exercises 10 

(Self-weight of beams may be neglected.) 

(1) A cantilever projects 3 ft. horizontally from its support. 
A rope tackle fixed at the free end is capable of exerting a total 
vertical pull of 2 cwts. Calculate the values of B.M. max. a-nd 
S.F.inax respectively. Construct the B.M. and S.F. diagrams 
for the cantilever. 

(2) Fig. 277 shows a cantilever supporting a number of point 

loads. Obtain the following values : (i) maximum bending 


P 


Sc*v£r /ant 


•i 3' 4-/'- 

' J ' r I r 


Fig. 277. 


moment, (ii) maximum shear force, (hi) bending mom(‘nt at mid- 
point of cantilever, (iv) shear force at i ft. from the support. 
Construct the bending moment and shear force diagrams for the 
cantilever. 

(3) A solid concrete balcony floor is supported by embedded 
steel cantilevers at 2-ft. centres, the cantilevers and floor project- 
ing 4' from a wall (Fig. 278). Calculate the total safe load per 
sq. foot of balcony floor (inclusive of self-weight of floor) if the 
maximum bending moment in one cantilever is not to exceed 
4050 lb. ft. Draw the B.M. and S.F. diagrams for one of the 
cantilevers assuming the given maximum bending moment. 



4.'-S‘ 
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(4) A simply supported beam 
of 8-ft. effective span carries a 
central-point load of 200 lb. 
Calculate the value of the maxi- 
mum bending moment (i) by 
formula, (ii) by first principles 
(i.e. by first finding the support 
reactions). 

Sketch the B.M. and S.F. 
diagrams for the beam. [All 
important values should be indi- 
cated on a ‘ sketch ' diagram.] 

(5) A given steel beam is able 
to resist safely a maximum 

The beam is used to carry the 


I" . 


-/JCocv* 


'A iSotcjcL cor%cre^C^ 

I 




N 


Fig. 278 


bending moment of 45 tons ft. 
loads shown in Fig. 279. 

(i) Check the safety of the beam from the bending moment 


SCbns JiCona 


I* 

f- 






point of view. 

(ii) Draw the B.M. and 
S.F. diagrams for the beam. 

(6) Construct the B.M. 
and S.F. diagrams for the 
simply supported beam 
shown in Fig. 280. Calculate 
the B.M. and S.F. values 

respectively for a section 9 ft. from the right end. Verify your 
values by means of the diagrams you have constructed. 


SLO 


Fig. 279. 


Br, ^7T 8r. /r 


4 



Fig. 280. 


(7) A simple beam of 12-ft. effective span carries a uniform 
load of total value 24 cwts. Find the maximum bending moment 
and the maximum shear force. Draw the B.M. and S.F. diagrams 
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for the beam. Calculate the B.M. and S.F. values for a section 
4 ft. from the left end. 

(8) A simple beam of lo-ft. effective span carries a uniform load 
which produces a bending moment of 24 cwts. ft. at a section 
4 ft. from the left support. 

Calculate the value of the 
load in cwts. per foot run. 

Also obtain the maximum 
bending moment in the beam. 

(9) Fig. 281 shows a floor 
with timber beams of 8' 
effective span supported by 
a steel beam. Find the maxi- 
mum bending moment and 
maximum shear force respec- 
tively for one of the timber 
beams and also for the steel 
beam. Construct (i) the B.M. 
diagram for a timber beam and (ii) the S.F. diagram for the steel 
beam. The total inclusive floor load may be taken as 100 lb. per 
sq. foot. 

(10) The resultant upward pressure on the footing in the 

example given in Fig. 282 is 2 
tons per sq. foot. Calculate the 
maximum bending moment the 
footing will have to resist per 
foot run of wall, assuming the 
maximum bending moment to 
occur at the face of the wall. 

(ii) A simply supported beam 
of 6-ft. effective span carries a 
point load of 4 tons at the 
centre. Calculate the load 
w^liich would produce the same 
maximum bending moment if 
(i) uniformly distributed, (ii) concentrated at 2 ft. from the 
left-end support. 

(12) A lintel beam of lo-ft. (dfective sj)an carries a brick wall, 
9 ins. thick and of 5 ft. uniform height. Assuming the average 





MU 7 

per rC. 


Fig. 282. 
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Fig. 281. 
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density of the brickwork to be 120 lb. per cu. foot, obtain the 
B.M. and S.F. values for a section 4 ft. from the left end of beam. 
Construct the B.M. and S.F. diagrams for the beam. 

(13) A steel chimney stack of circular section, 3-ft. external 
diameter, is 60 ft. high. It is subjected to a horizontal wind 
pressure of uniform intensity, 30 lb. per sq. foot. Assuming the 
area acted upon by the wind to be *6 of the area ' height x 
diameter ' (a common practical allowance for circular chimneys), 
calculate the B.M. and S.F. values for a section at mid-height of 
the chimney and also for the base. 

(14) A crane girder carries two wheel loads of 2 tons each at 
a fixed distance of 4 ft. apart. The effective span of the girder 

is 16 ft. Calculate the two 
distances the left-hand wheel 
load may be from the left sup- 
port so that the bending 
I'h ^ jjil moment in the girder at the 

||1« /Q “nil position of the other wheel is 

Y" spaur:. •¥• 12 tons ft. 

Fjg. 283. ^ (15) Calculate the total uni- 

formly distributed load the 
steel beam shown in Fig. 283 could carry, in addition to the 
point loads shown, if the beam were capable of resisting safely a 
bending moment of 22 tons ft. 

Find the ' equivalent uniform load ’ which would produce (i) 
the same maximum bending moment, (ii) the same maximum 
shear force as the point load system showm in Fig. 283. 
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CHAPTER XI 


BENDING MOMENT AND SHEAR FORCE. FURTHER 

EXAMPLES 

The examples of the last chapter have illustrated certain facts 
which will now be summarised. 

(i) A concentrated load system will lead to a B.M. diagram 
bounded by straight lines, which change their slope at the load 
points. 

(ii) A distributed load will have some form of curve for the 
B.M. diagram. If the load be uniformly distributed a parabola 
will be involved in the construction of the diagram. 

(hi) For a concentrated load system the S.F. diagram will be 
stepped. A step will take place at every load pomt, the vertical 
drop representing the load to scale. 

(iv) The S.F. diagram for a uniformly distributed load will be 
of a uniformly sloping character. For our convention of signs the 
slope will be downwards towards the right. 

The foregoing rules will be exemplified in the following 
cases. 

Overhanging Beam with Concentrated Load System 

Example. — Construct the B.M. and S.F. diagrams for the over- 
hanging beam given in Fig. 284. 

Moments about ' B ' : 

(R^ X 10) + (2 X 5) = (8 X 2) + (6 X 6) + (2 X 14) 

== 16 + 36 + 28 = 80 
loR^ + 10 = 80 

loR^ = 80 — 10 70 

.*. Ka = 7 cwts. 

Moments about ‘ A ' : 

(Rj, X 10) + (2 X 4) = (6 X 4) + (8 X 8) 4 - (2 X 15) 
ioRb + 8 = 24 4- 64 4- 30 = 118 
ioRb = 118 — 8 = no 
Rb = II cwts. 

B.M.0 = 0 (free end of beam). 

aai 


8 * 
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Fig. 284. — Overhanging Beam with Concentrated Loads. 


B.M.a = Moment of load to left of section 

= (2x4) cwts. ft. = 8 cwts. ft. (negative). 

B.M.u = Reaction moment — Load moment 
= {7 X 4) — (2 X 8) cwts. ft. 

= (28 — 16) cwts. ft. = 12 cwts. ft. 

B.M.j = Reaction moment — Load moment 

== (ii X 2) — (2 X 7) cwts. ft. (taking forces to right 
of section) 

— (22 — 14) cwts. ft. = 8 cwts. ft. 

B.M.b = (2x5) cwts. ft. = 10 cwts. ft. (negative). 

The shear force diagram is constructed without any further 
detailed calculation. 

Suggested scales : 

I' = I k., i' = 4 cwts. ft. (B.M.). i' = 4 cwts. (S.F 4 . 
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O^rhanging Beam with Uniformly Distributed Load 

Example.— beam given in Fig. 285 carries a uniform load 
of 3 cwts. per foot run. Construct the B.M. and S.F. diagrams for 
the beam. 





In order to illustrate the method of addition of component 
B.M. diagrams, the beam load will be divided up into two 
systems : (i) the loads on ' AC ' and * BD/ (ii) the load on * AB.* 
Taking component system (i) by itself : 

B.M.^ = [(3 X 4) X 2] c.f. = 24 c.f. [negative). 

B.M.b == [(3 X 2) X i] c.f. = 6 c.f. [negative). 

The B.M. diagram for this component system is shown in Fig. 
285 (upper diagram). 

Considering component system (ii), i.e. the load on ' AB/ 

TVT W/ 3 X 12 X 12 ^ / /X \ 

B.M.„^ ^ = 54 c.f. [positive). 
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We now have to combine these two B.M. diagrams together. 
The net B.M. diagram for the complete load system is shown in 
Fig. 285, which also shows the practical method of obtaining the 
final B.M. diagram in a more direct manner. In using this 
construction, care should be taken to plot the value ' 54 c.f, * (i.e. 
' W//8 ' for the central span) vertically from the mid-point of the 
temporary sloping base line shown in the diagram. 

Shear Force Diagram, — We require, first of all, to calculate the 
support reactions. 

(R^ X 12) -f (6 X i) == 3 X 16 X Y 
I2 Ra + 6 = 384 

i2R^ = 384 — 6 = 378 
Ra = 31*5 cwts. 

(Rb X 12) -f- (12 X 2) = 3 X 14 X V- 
I2Rb + 24 = 294 

I2Rb = 294 — 24 = 270 
Rb “ 22*5 cwts. 

From ‘ C ' to ' A ' the load on the beam = 12 cwts., hence the 
S.F. diagram must drop by this amount over the length ' CA.' 
At ' A ' there is a vertical jump upwards of '31*5 cwts.' (i.e. 
' R^ '). Between ' A ' and ' B ' the diagram must drop 3 x 12 == 
36 cwts. At * B ' there is a vertical jump upwards of 22-5 cwts., 
then a final drop of ‘ 6 cwts.' over the length ' BD.' 

Note. — If various portions of a beam, as in the last example, 
carry uniform loads of similar intensity, the slope of the S.F. 
diagram will be the same in each of these different portions. 

Suggested scales : 

f = I ft., i" = 12 c.f. (B.M.), = 8 cwts. (S.F.). 

Beams with Uniformly Distributed Load Partially Covering 
the Span 

Example (1 ). — ' AB' [Fig. 286) is a simply supported beam 
carrying a uniformly distributed load of 6 cwts. per foot, which 
partially covers the span. Construct the B.M. and S. F. diagra^ns 
for the beam. 

The principle of the construction of the B.M. diagram in this 
case is to regard, temporarily, the U.D. load * CD ' as being a 
concentrated point load of value ‘ 24 cwts.,' acting at ‘ E,' the 
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Fig. 286. — Uniform Load Partially Covering Span, 


mid-point of ' CD.' This is for construction purposes only, and 
allowance is subsequently made for the fact that the load is 
actually distributed. 


B.M., 


Wad __ 24 X 4 X 8 
/ 12 


64 c.f. 


* EF ' is drawn to represent ' 64 c.f.' and the triangular B.M, 
diagram ‘ AFB ' is completed. 

The ordinates ' CG ' and * DH ' are drawn and ' GH ' is drawn 
in. ' GH ' intersects ' EF ' in point ' K.' * KF ' is bisected in 

point ' L ' and the parabolic diagram is constructed as indicated 
in Fig. 286. The final B.M. diagram is ' AGLHB.' 

The bisecting of ‘ KF ' makes the necessary allowance referred 
to above. 
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The S.F. diagram presents no special difficulty. 

R^ X 12 = (24 X 8) = 192 
R^ = 16 cwts. 

Rr X 12 = (24 X 4) = 96 
Kg — 8 cwts. 

Suggested scales : 

r'" = 2 ft., i" = 16 c.f. (B.M.), i'' = 8 cwts. (S.F.). 

Example (ii ). — TAe given simply supported beam {Fig. 287) 
supports a partial uniformly distributed load together with a con- 



Fig, 287. — Combined Loads. 


centrated load. Construct the B.M. and S.F. diagrams for the 
beam. 

As in the last example, the U.D. load is replaced temporarily, 
for construction purposes, by a point load of equal value at its 
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centre. The necessary final adjustment is then made as indicated 
in Fig. 287. 

Ra X 18 = (10 X 13) + (8x4) = 162 
Ra = 9 tons. 

Rb X 18 = (10 X 5) + (8 X 14) = 162 
Rb = 9 tons. 

B.M.c = R^X 5 = 9 X 5 = 45 tons ft. 

B.M. at centre of U.D. load, regarding load as concentrated y = 
Rb X4 = 9 X4 = 36 tons ft. [Care must be exercised not to 
compute the correct B.M. at the centre of the uniform load in this 
method.] 

The ' straight-line ' B.M. diagram is completed and the portion 
corresponding to the uniform load moflified as indicated. The 
S.F. diagram is easily constructed by the rules previously given. 

Example (iii). — The cantilever shown in Fig, 2S8 carries a par- 
tial uniformly distributed load and, in addition, one concentrated 
load. Draw the B.M. and S.F. diagrams for the cantilever. 



Fig. 288. — Cantilever with Partial U.D. Load. 
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The treatment is as for the previous examples and the detailed 
calculations are left as an exercise. 

Beams Carrying Complicated Load Systems 
Bending Moment Diagrams 

If the complete load system may be divided up into two simple 
systems, i.e. two systems which can be readily dealt with, the 
method i shown in Fig. 289 is sometimes adopted. The diagram 
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Fio. 289. — Several Load Systems. 

for one system is drawn above the base line and for the other 
below (using the same B.M. scale). The total vertical depth of 
the diagram will then give the necessary bending moment at any 
particular beam section. 

In cases in which there are several systems to be dealt with, 
the B.M. diagram for each system may be constructed on a com- 
mon base (or if preferred on separate base lines) and the diagrams 
added together by the geometrical method of adding corresponding 
ordinates (see Fig. 289). It is essential, of course, that the B.M. 
scale used for each of the component diagrams shall be the same. 

A further practical method for dealing with complicated load 
systems is to calculate the bending moment values at a suitable 
pumber of points in the beam and to draw ordinates to represent 
these values to a convenient B.M. scale. The reactions will have 
to be found and the expression * reaction moment — load moments * 
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may be used to compute the B.M. values for the various beam 
sections. It may be necessary to distinguish carefully between 
positive and negative bending moments, so that the ordinates 
may be drawn above or below the base line. The correct sign 
for the bending moment will be obtained if the expression given 
at the bottom of page 228 be employed. 

Shear Force Diagrams 

S.F. diagrams do not usually present much difficulty, and the 
rules already given cover the types of loading considered in this 
book. 

Position of Maximum Bending Moment 

If the point in the beam at which the maximum bending 
moment occurs, in any of the previously worked examples, be 
examined in conjunction with the corresponding shear force 
diagram, it will be found that it coincides with the point in 
which the shear force diagram crosses its base line. As the latter 
point may be readily obtained without actually draining the S.F. 
diagram, it is clear that this relationship will give a simple method 
for determining the position in the beam at which 
occurs. The complete theory underlying this important con- 
nection between bending moment and shear force will be found 
in more advanced books on the theory of structures. 

Rule : The position of maximum bending moment in a beam 
may be found by determining the point at which the shear force is zero. 

(The case of two, or more, such points is considered later.) 

The foUowing steps illustrate the method of calculating a 
maximum bending moment : 

(i) Evaluate the left-end support reaction. 

(ii) Proceed across the span from the left end until the load 
taken up on the beam equals, in total value, the left-end reaction. 
This is clearly the point of zero shear and hence the position of 
maximum bending moment. 

(iii) Calculate the B.M. at this point, by usual methods, to 
obtain the value of B.M. max. 

Example (i). — Calculate the maximum bending moment for the 
given simply supported beam [Fig. 290). 



230 INTRODUCTION TO STRUCTURAL MECHANICS 


r— / 4 J- ft, 

\/oft 


S ft. 




/^^JfC4^/t5 


’^bxL Co^ZjoL an 
bBCLrrv up td | 
SeaCoon ™ /4-C4 ^v^ 

I 

SeoCiLon far S,Ai. rrhcuao. 


'S.fcicQ^rraurtj arasses 
bcLse^ CurvAf cut pac.^^ 

gf rrtoLQC ^ l ^ y ^ it^nrj 3 . -A/ 


^fueaur’ far^cM, ^act j pr’ci^rru 

Fig. 290. — Position of Maximum Bending Moment 


ifdy^ 

1 _£ 


Step (i). 

X 10 = [(4 X li) X 8] + [(2 X 10) X 5] 

= 40 + 100 = 140 
= 14 cwts. 

[Rb should be calculated as a check.] 

Step (ii). Up to point * C/ from left end of beam, the load on 
beam = [(ij X 4) + (2 X 4)] cwts, 

= (5 + 8) cwts. = 13 cwts. 

We require another i cwt. to make up 14 cwts., which means 
we have to proceed *5 ft. farther along the beam (as the load is 
2 cwts, per foot), 

S.F. = o and B.M. = maximum at 4*5 ft. from left-end support. 
B.M.4.3' = B.M.max. = Reaction moment — Load moments 
= (14 X 4 - 5 ) - (5 X 2 - 5 ) - 

(9 X rwts. ft. 

= (63 ~ 12*5 — 20*25) cwts. ft. 

■= 30*25 cwts. ft. 
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Example (ii). — Draw the shear force diagram for the given beam 
(Fig. 291). Find the position of zero shear (i) by means of the S.F. 
diagram, (ii) by direct calculation. Calcidate the value of the 
maximum bending moment. 


ALL U.D. LocucLs 
/OCons / 6oru /oot 



X 20 = [(i X 6) X 17] + (10 X 12) + [(i X 4) X 2] 

+ [(l X 20) X 10] 

= 102 + 120 + 8 + 200 

= 430 

= 21*5 tons. 

Rb X 20 = [(l X 6) X 3] + (10 X 8) + [(l X 4) X 18] 

+ [(l X 20) X 10] 

= 18 + 80 + 72 + 200 

= 370 

Rg = 18-5 tons. 

From left end up to point ‘ C ' the load on beam = 12 tons. 
Up to the * 10 tons ' load (but not including it) the load = 12 tons 
-f- 2 tons = 14 tons. This is not sufficient. Including the 10 
tons point load the total load = 24 tons. This is too great. 
When the inclusion of a concentrated point load makes the 
necessary total load exceed the required amount, the position of 
is at the load point. 
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B.M.na^x. is therefore at the ' lo tons ' load point. 

B.M.nuii. = Reaction moment — Load moments 

= (21*5 X 8) — (6 X 5 ) — (8 X 4) tons ft. 

== (172 — 30 — 32) tons ft. 

= 110 tons ft. 

The complete S.F. diagram is given in Fig. 291. 

Suggested scales : i"' = 4 ft., i"" == 6 tons. 

Example (iii ). — Calculate the maximum bending moment which 
the given overhanging beam [Fig. 292) will have to resist. Construct 
the shear force diagram for the beam. 
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Fio. 292. — Overhanging Beam. 


X 18 = [(2 X 22) X II] + [(l X 8 ) X 18 ] + ( 4 x 5 ) 
= 484 + 144 + 20 = 648 
4 i 



BENDING MOMENT AND SHEAR FORCE 233 

Rb X 18 = [(2 X 22) X 7] + [(I X 8) X 0] + (4 X 13) 

= 308 + o + 52 = 360 

Rb = cwts. = 20 cwts. 

lo 

In the case of overhanging beams, the maximum bending 
moment may occur at either of the supports or in the main span 
of the beam. Wherever the S.F. diagram crosses the base line a 
' local ' B.M.mai. occurs. 

B.M.^ = Moment of load to left of section 
= (3 cwts. per foot x 4 ft.) x 2 ft. 

= 24 cwts. ft. {negative). 

Position of in span ‘ AB ' ! 

The load on the beam from the extreme left end up to the required 
point must equal 36 cwts. 

Up to the end of the partial U.D. load, the load on beam = 
(8 X 3) cwts. = 24 cwts. To obtain the additional (36 — 24) 
cwts. = 12 cwts., we have to proceed 6 ft. farther. 
therefore occurs at 10 ft. from the left support. 

B.M.niai. = Reaction moment — Load moments 

= (36 X 10) — (8 X 10) — [(2 X 14) X 7] 

= 360 — 80 — 196 
= 84 cwts. ft. 

This is the absolute max. bending moment in the beam. 

Fig. 292 explains the various load jumps by means of which 
the shear force diagram is constructed. 

Suggested scales : = 4 ft. and i"" = 8 cwts. 

Bending Moment Diagram by Link Polygon Method 

If the link polygon be drawn for a beam with a concentrated 
load system and the closer line be inserted, as explained on page 
124, the diagram so formed is, to some definite scale, the bending- 
moment diagram for the beam. This method of construction 
of B.M. diagrams is not so quick or direct as the methods pre- 
viously described. It has, however, important applications in 
more advanced theory of structures, as, for example, in ' moving- 
load ’ problems and in the graphical treatment of ‘ deflection of 
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beams.’ Fig. 293 shows how to set out the work when both B.M. 
and S.F. diagrams are required. 


8c*>vC-s 



Fig. 293. — B.M. and S.F. Diagrams by Link Polygon. 


The pole is positioned, in the given example, to the left of the 
load line in order to maintain the convention of sign for bending 
moment which has been adopted. The position of the pole 
theoretically is immaterial, but it will be found that it will be 
advantageous to fix it at some definite horizontal distance from 
the ‘ load line,’ say 3", in order to obtain a suitable final bending 
moment scale. 

Having completed the polar diagram, the ‘ links ’ and the 
closer line ’ are drawn in. If it is desired to obtain a horizontal 
base line for the B.M. diagram, it will be necessary simply to plot 
the vertical ordinates at the load points from a horizontal base as 
indicated in Fig. 293. 
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Bending Moment Diagram Scale 

Usually, of course, we choose an appropriate B.M. scale accord- 
ing to the magnitude of the calculated B.M. values and the size of 
diagram that is required. In the present case we have to calculate 
the B.M. scale from the other scales used in the derivation of the 
diagram. 

If 1" * X* ft. for ‘ span* 

' cwts. for ' load line,* and 

‘_/)'ins. = actual polar distance, i.e. horizontal distance of pole 
from load line, 

then i"' will represent {% x y X p) cwts. ft. in B.M. diagram. 

Thus, if I = 4 ft. for span, 

i"" == 2 cwts. for load, 

and polar distance = 3 ins., the B.M. scale would be 
i"" = (4 X 2 X 3) cwts. ft. = 24 cwts. ft. 

Note that the units for B.M. do not contain ‘ inches * in this 
case, but are compounded of the * span * and ‘ load * units. 

Shear Force Diagram 

It will be clear that the vertical steps, as they represent the 
corresponding loads, will be given to scale in the polar diagram 
load line and may be projected across. It only remains to fix 
the position of the base line. The line drawn in the polar diagram 
parallel to the ‘ closer ' divides the load line into two parts which 
respectively represent the support reactions, the upper part 
representing the left-end reaction. As the first vertical jump 
upwards of the S.F. diagram represents the left-end reaction, it 
is obvious that the base line will be obtained by projecting 
horizontally across in the manner indicated in Fig. 293. The 
shear force scale will be the same as that used for the load line in 
the polar diagram. 

This example was previously solved by the direct calculation 
method (see Fig. 273). 

Exercises 11 

[Self-weight of beams may be neglected.] 

(i) Fig. 294 shows a beam which overhangs its supports at 
both ends. Calculate, for the loads given, the values of the B.M. 
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and S.F. respectively at a section 6 ft. to the right of the left 
support. Draw the B.M. and S.F. diagrams for the beam. 








42 






Fig. 294. 


(2) Draw the B.M. and S.F. diagrams for the overhanging beam 
given in Fig. 295. Obtain the value of the maximum bending 
moment by scaling the B.M. diagram. 







/o' 


Fig. 295. 


(3) Construct the B.M. and S.F. 
given in Fig. 296. 


diagrams for the example 



Fig. 296. 


(4) A simply supported beam of 12-ft. effective span carries a 
uniform load which partially covers the span. The load is 4 ft. 
long, commences at 2 ft. from the left support and has the value 
of 2 cwts. per foot run. Construct the B.M. and S.F. diagrams 
for the beam due to this load. 

(5) Find the position and magnitude of the maximum bending 
moment for the simply supported beam given in Fig. 297. Draw 
the S.F. diagram for the beam. 


- /o%d 




/an^pc/-A>o£ 




fto. 297. 
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(6) Without calculating B.M. values or constructing the B.M. 
or S.F. diagrams for the beam given in Fig. 298, show that the 
maximum bending moment occurs at the position of the 8 cwts. 
load. 


9cr%^ 





— 

/ 

~ — fZ — . 



Fio. 298. 



(7) Find the position of maximum bending moment for the 
simply supported beam shown in Fig. 299 (i) by beam load method, 
(ii) by constructing the S.F. diagram for the beam. Obtain the 
magnitude of the maximum bending moment. 


/ 


£. Cons /00& 




s' ^ 


2 . 0 ^ 


Fig. 299. 


(8) Draw the S.F. diagram for the overhanging beam given in 
Fig. 300. Hence determine the position in the central bay at 
which a maximum bending moment occurs. 

Find the value of the absolute maximum bending moment. 



(9) Find the position and magnitude of the maximum bending 
moment in the case of the overhanging beam given in Fig. 301. 
Construct the S.F. diagram for the beam. 
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'i /o' 4 z 


Fig. 301. 

(10) Construct the bending moment and shear force diagrams 
for the overhanging beam shown in Fig. 302. 


s' ^ — 

Fig. 302. 

(11) A simply supported beam of lo-ft. effective span carries 
a uniform load of i cwt. per foot which covers the span. In 
addition there is a point load of 5 cwts. at 2 ft. from the left end. 
Construct the B.M. and S.F. diagrams for the beam. 

(12) Calculate the maximum' bending moment which must be 
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resisted by one of the beams shown in the floor diagram (Fig. 
303). Draw the B.M. and S.F. diagrams for a beam. 

(13) A wall 6 ft. high has to be able to resist a horizontal wind 
pressure of 30 lb. per sq. foot for the upper two-thirds of its 
height. What would be the corresponding bending moment about 
the base of the wall per foot run of wall, i.e. for every foot length 
of wall in plan ? Construct the B.M. and S.F. diagrams for this 
foot strip of wall. 

(14) Calculate the position and value of the maximum bending 
moment for the simply supported beam given in Fig. 304. 


/ooCSs 



Fig 304. Fig. 305, 


[Assume B.M.niaj, to be ‘ x ' ft. from the left end. The wall 
height here will be xjz ft., by proportion. Equate the weight of 
the wall, to the left of the section, to the left-end reaction and 
solve the quadratic for ' x.* Find the B.M. at the calculated 
section by the usual formula ‘ Reaction moment — load 
moment,* treating the load to the left of the section as acting at 
the C.G. of the triangle.] 

(15) Draw the bending moment and shear force diagrams for 
the mast shown in Fig. 305. Write down the maximum bending 
moment the mast must be capable of resisting. 

[Resolve the * 300-lb.* force horizontally and ignore the vertical 
component. Treat as a vertical cantilever. Find B.M. at each 
load point, being careful with the sign of each moment. S.F. 
diagram is constructed by usual methods, the ' jumps ' being 
horizontal in this case.] 



CHAPTER XII 


MOMENT OF RESISTANCE. DESIGN OF SIMPLE 

BEAMS 


In the model apparatus shown on page 196, the bending moment 
on the detached portion of the cantilever was balanced by the 
couple created by the two equal horizontal forces — the pull in 
the chains and the thrust in the bars. The moment of this 
balancing couple is termed the ' moment of resistance.* At every 
beam section subjected to bending moment, the moment of 
resistance will equal the bending moment, when the beam has 
deflected to its position of equilibrium. The general problem of 
beam design is to determine a suitable size and shape for the 
beam section so that the beam fibres are not excessively stressed 
and that the material of the beam is used economically. 

Definition : The moment of resistance {M.R.) of a beam section 
is the moment of the couple which is set up at the section by the 
longitudinal forces created in thePeam by its deflection. 
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Fig. 306 — Theory of Simple Bbkding. 


General Principles of Simple Bending 

The upper diagram in Fig. 30b shows the elevation of a simple 
beam. The lower diagram shows the beam bent under the action 
of bending moment. In every bent beam there is a layer of 
material (NL in Fig. 306) which gets- neither longer nor shorter 

940 
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when the beam deflects. It is termed the ‘ neutral layer * of the 
beam. 

Neutral Axis. — The ' neutral axis * of a beam section is the 
straight line in which the neutral layer of the beam cuts that 
particular section. It represents the level in the beam section 
at which there is neither stress nor strain. 


Variation of Strain and Stress in a Beam Section 

An inspection of Fig. 306 indicates that beam layers above the 
neutral layer ‘ NL ' will be shortened and those below ' NL ' 
will be lengthened. In this case, therefore, all fibres in a beam 
cross section above the neutral axis will be in compressive strain 
and hence compressive stress, and those below will be in tensile 
strain and tensile stress. It will be clear that in negative bending, 
as in a cantilever, the upper fibres will be in tension and the 
lower in compression. 

The full discussion of the assumptions made in the theory of 
bending is rather beyond the scope of this book, but one vital 
assumption must be appreciated. It is assumed that a vertical 
plane cross section of the beam before bending remains plane 
(i.e. flat) after bending. 


S/K>r&ncnff or 
of 

Co diC^doLruDe fiiDm 
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Fig. 307. — Strain and Stress Distribution. 


In Figs. 306 and 307, ‘ AB ' and ‘ CD ' represent two cross 
sections of the beam. They are assumed to be very close to- 
gether so that the beam layers between them may be assumed to 
deflect to the arcs of concentric circles. 

In Fig. 307 * NA ' and ' LC ' are straight lines. The beam 
layers are subjected to a shortening in length from length ' NL ' 
to length * AC ' in a proportionate manner as we proceed upwards 
from ‘ NL.' The amount of shortening is directly proportional to 
the distance of the particular layer from the neutral layer. 
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Similarly, the amount of lengthening in layers below ' NL ' mil 
be directly proportional to their distance from ‘ NL.' 

As all beam layers between sections ' AB ' and * CD ' were the 
same length in the unbent beam, it will be clear that ' strain ' 
will be proportional to distance from ‘ NL.' The ‘ strain varia- 
tion diagram ' will therefore be linear in character, as shown in 
Fig. 307. If we assume further that Hooke's law applies to beam 
fibres, i.e. that the stress in a beam fibre is proportional to its 
strain, we see that the * stress variation diagram ' for a beam 
section will also be linear. These two diagrams are extremely 
important, and should be thoroughly understood before pro- 
ceeding further with the theory. 

The stress in any fibre in a beam cross section is proportional 
to its distance from the neutral axis of the section. 




Moment of Resistance of a Rectangular Beam Section 

The rectangular beam section (Fig. 308) has a breadth V and 
a depth d" . The applied bending moment at section * AB ' of 
the beam induces a maximum stress — in the extreme upper and 
lower fibres of the section — of lb. per sq. inch. 

We may consider the beam section to be composed of a very 
large number of thin horizontal strips of equal width and depth. 
The stress acting upon any given strip will depend upon the posi- 



MOMENT OF RESISTANCE. DESIGN OF BEAMS 243 

tion of the strip in the cross section, with reference to the neutral 
axis of the section. The load carried by a strip will be ‘ stress x 
area.’ The ' load variation diagram ' will therefore be similar in 
character to the ‘ stress variation diagram ’ as the elemental 
strips of cross section are equal in area, 'i'he system of loads 
acting on the top half-section of the beam will have a resultant 
‘ C ' lb., and a resultant pull ‘ T ’ lb. will act upon the bottom half- 
section. 

‘ C ’ and ‘ T ’ are equal forces and they form a couple of moment 
‘C’(or‘T’) X * arm of couple/ The moment of this couple is 
the moment of resistance of the beam section. 

Value of*C*{or*T*) 

The stress on the top half-section of the beam section varies 
uniformly from '/'lb. per sq. inch to ‘ zero.' The total load ' C ' 
will equal //2 lb. per sq. inch x area of half-section. 

C == -^ lb. /in.* X “ sq. ins. lb. 

2 2 4 

C = T=-^lb. 

4 

Value of * arm of couple ' 

' C ' will act through the centre of gravity of the compression 
load- variation triangular diagram and ' T ' will act through the 
C.G. of the tensile diagram. 

Hence the distance between ‘ C ' and ' T/ i.e. the ' arm of th^ 
couple,' = [d — (J X dl2) ~ X djz)] ins. = ^d ins. 

Moment of couple 

Moment of couple = Force x arm 

= C (or T) lb. X frf ins, 

= lb. X id ins. 

4 

lb. ms. 
o 

As explained previously the moment of this couple balances 
the bending moment at every beam section. We may write ' M ' 
to stand for ' B.M.' or ‘ M.R.' as required. The proof of the 
formula has been carried through with the units ' lb,' and ' inches * 
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in order to bring out the nature of the intermediate results. It 
is obvious that the formula is applicable to any system of units. 
Hence we may write in general terms : 



Allowance for Self-weight of Beams 

The self- weight of a beam should always be considered. It is 
usually a uniform load producing a bending moment of ' W //8 ' 
at the centre of span (in the case of simply supported beams). 
In problems, the self-weight of a beam is frequently omitted. 

In the case of single timber beams or B.S.B.s, the beam's own 
weight is usually small compared with the load carried. More- 
over, the choice of a practical beam section will normally leave a 
margin over the theoretical requirements and this should cover 
the effect of the weight. 

In preliminary calculations the weight of a beam can only be 
estimated. The estimate should be checked when the beam has 
been designed and if sufficient allowance has not been made the 
calculations must be worked through again. Unless stated other* 
wise, the self-weight of a beam is neglected in the examples in 
this chapter. 

Examples : 

(i) A timber beam, 2" wide X 6*^ deep, carries a uniformly dis- 
tributed load of total value 1000 lb. The effective span of the beam 
is 8 ft. Calculate the maximum stress induced in the timber. 


M = 


fbd^ 

6 


W/ _ 1000 X 8 X 12 


lb. ins. — 12000 lb. ins. 


[The span must always be in ' inches ’ in beam stress problems, 
as the stress contains ‘ inch ' units.] 


12000 = 


/ X 2 X 6 X 6 
6 


1 2000 X 6 

2x6x6 


1000 lb. /ins.* 


(it) Calculate the safe central-point load for a timber beam, 2^ 
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wide X 7* of 7' 6' effective span, if the maximum per- 

missible stress in the timber is 800 lb. per sq. inch. 

Let ' W ' lb. — central load. 


Max. B.M. = 


W/ 




. w/ 

4 

W X 7-5 X 12 
4 
W 


6 

fbd* 

6 ‘ 

800 X 2 X 7 X 7 
6 


^ 4 X 800 X 2 X 4Q ^ 

7*5 X 12 A b 

(iii) A concrete beam, b* wide x 12*' deep, has an effective span 
of 6 ft. AsiiUming the density of the concrete to be 130 lb. pet cu. 
foot, calculate the central-point load the beam can carry in addition 
to its own weight. The maximum tensile stress in the concrete is 
to be limited to bo lb. per sq. inch. 


Self-weight of beam 


r/ 6 

12 1 

1 ( ^ 

< - X 6 X 130 

L\I2 

12 / J 


B.M. max. cine to weight of beam — 


W/ 

8 


390 X 6 X 12 

~ ~ 8 


lb. ins. = 3510 lb. ins. 


Moment of resistance of beam section 
60 X 6 X 12 X 12 


fhd^ 
' 6 ' 


Ib. ins. = 8640 lb. ins. 

\j 

/. (8640 — 3510) lb. ins. = 5130 lb. ins. are available for the 
B.M. caused by the central load. 

Let \V lb. == value of the central load. 

• W X J 

4 


5130 


w = 43 < 5130 lb. = 285 lb. 

6 X 12 

The working stress in tension for concrete is very much smaller 
than that in compression. To take advantage of the higher 
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conipressive strength, the concrete is often relieved of all responsi- 
bility for tension and steel bars are embedded in suitable amount 
and position in order to provide the tensile force in the couple 
which resists bending. 

Such a combination of steel and concrete is known as ' rein- 
forced concrete,* 

(iv) Design a suitable timber beam section given the following data : 

Effective span “ ft. 

Loads carried: ii*6 cwts,, uniformly distributed. 

5*0 cwts,, ce7itral- point load. 

Working stress — 8 cwts.jin.^. 

The maximum bending moment will occur at the centre of the 
span for both load systems. 


Hence B.M.n 


j^ii*6_x 10 ^_i2 5 X 10 X 


M = 


8 4 

(174 + 150) cwts. ins. = 324 cwts. ins, 
fbd^ 


K 12I , 

cwts. ms. 


324 - ^ ?= 33 


243- 


Theoretically, any beam section which makes ' bd'^ ' = 243 will 
be suitable. However, there is the necessity, in all beams, to 
limit the maximum deflection. Beams must be ‘ stiff* as well as 
' strong.* The depth of a timber floor beam should be from ' 2 ' 
to ‘ 3 ' times its breadth. 

Try ' b* 3". /. ^d^ =* 243 and d' = 81. d = VSi = 9^ 

A beam 3" wide x g** deep would be suitable. 

(v) Timber beams, 2" wide x deep, are to be used in a floor, 
tht effective span of the beams bemg 9 ft. The total inclusive floor 
load is 120 lb. per sq. foot. Assuming the maximum permissible 
bending stress in the beams to be 900 lb. per sq, inch, calculate the 
ffiaximum allowable spacing for the beams, centre to centre. 

Let \V lb. — safe U.D. load for one beam. 


W X 9 X 12 _ fbd* __ 900 X 2 X 7 X 7 

8 6 ~ 6 

^^ 8x900x2x7x7 ^^^ 
9 X 12 X 6 
1088-9 lb. 
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]f ' X ' ft. ==: spacing of beams centre to centre, gx sq. ft. = area 
of floor supported by one beam. 


/. {gx X 120) lb. = U.D. load carried by one beam. 
/. gx X 120 == 1088-9 

X = say, I ft. 

Maximum spacing for beams = 12'. 


(vi) Fig. 309 shows a portion of the footing 
of a retaining wall. Assuming the maxini'iini 
bending moment to occur at the toe of the 
upper wall, calculate the bending stresses 
induced in the footing, given a net upimrd 
pressure of 2 tons per sq. foot. 

Consider i-ft. run of footing in a diiection 
perpendicular to the plane of the diagram. 
We may regard this portion of the footing as 
a cantilever projecting 2 ft. from its sup- 
port, of section 12"' wide x 36'' deep and 
carrying a uniform load of total value i 
I ft. X 2 ft. X 2 tons/ft.®) = 4 tons. 



r.'". 3()() — I OOIING 

SlUL^SfiS 


X 2 X 2 tons (i.e. 


Max. B.M. — 4 tons > i ft. -= 4 tons It. 48 tuns ins. 
M 

() 


/ X 12 > j6 X 36 . 

48= 

48x6 2.4U||^ 

12 > 36 X 3t) 

-- 41-5 lb./in.». 


12 


^ ^ tons/iii.* 
A 3h 


Beams with Non-rectangular Sections 

It is clear that the formula M — cannot be used for 

b 

sections which aie not rectangular, because the properties of a 
rectangle were used in its derivation. We cannot employ this 
formula, for example, to determine the moment of resistance of a 
standard steel beam section. 

Tlie part of the expression which particularly depends 
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' bd^ ' 

upon the assumption of a rectangular section is . For beams 
with other than rectangular sections we have to substitute another 
expression lor ^ . 

General Theory of Bending 

Fig. 310 shows a portion of a beam in the unbent and in the 
bent conditions. AB and CD are two vertical cross sections, 
assumed so close together that the portion of beam between them 
may be legarded as bending to the arc of a circle. 



Fig. 310. — Diagram Illustraiing ihh Theory of Bending. 


EF is the part of the neutral layer intercepted between the 
sections. GH represents a typical layer of material at a distance 
y from the neutral axis. R is the radius of curvature of the 
portion of the neutral layer, in the bent beam. The following 
are the steps in the development of the theory : 

(i) Determination of the strain in layer G'H' by principles of 
gfoinetry. 
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(2) Evaluation of the stress in this layer by means of Young's 
modulus. 

(3) Determination of the load carried by the little strip of cross 
section at distance y from the N.A. 

(4) Computation of the moment this load has about the N.A. 
and, summation, the total moment of all such strip loads. 

Step I. Extension in layer G'H' = GTT — GH. 

Extension 


Strain in layer G'H' = 


Original length 
GTT - GH 
GH 


But GH - hb and EF = E'b'' (being on the unstrained layer). 

. c. • • 1 .-u' G'H' K'F' 

. . Strain in layer (j H = — 

E b 

Expressing these distances in terms of R and 0 (the angle in 
radians contained by B'A' and 1 )'C') we have : 

strain in layer G'H' - = y 

K(i K 

Stress in G'H' 

Strain in G'H' 

Stress in layer = E x strain 


Step 2. 


= E. 


R ■ 


If / “ the stress, / — 


Ey 

R’ 


Step 3. If a " the area of the cross-sectional strip, the load 
earned stress x area 

Ey E 

“R 

Step 4. Moment of the load on this strip about NA 
= Load X distance 

K 




xy 


R 


X ay*. 


The total ‘ moment of resistance ' of the beam section is made 
up of all such moments as this. 

E 

Total Moment of Resistance = 2 ^ X ay* 

K 


R 


X Say*. 
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[sigma ay^) is a geometrical property of the beam section, 
with reference to the axis NA. It is termed the moment of inertia 
of the beam section, and is denoted by the letter L 
Writing M for ‘ moment of resistance,* 

TT 

M = ^ X I. 

But/= I ^ ^ (step 2). 



This is the important formula for finding the moment of resist- 
ance of a beam section. Writing the results found as a continued 
ratio we get the complete expression for the theory. 

E ^ M ^ f 
R I “ y 

In using this expression / will normally represent a maximum 
stress, so that y, in that case, will be the distance from the neutral 
axis to an extreme fibre, top or bottom of the section, as the case 
maj^ be. 

W/ W/ 

M will usually be a * bending moment,* such as , etc. 

Position of the Neutral Axis. — In the theory we found that the 

E 

strip load was given by the expression x ay. 

K 

As long as y is measured downwards all these strip loads will 
represent tension. If we put y negative, i.e. measured the 
distance upwards from NA, the load would be compression. 

E E 

X ay or ^ 'Lay (since E and R are constants) will therefore 

represent a summation of a large number of positive and negative 
quantities. But, as the total compressive force = the total 

E 

tensile force (being forces in a couple), ^Lay must = o. 

K 

This, i.e. Lay = o, means that the axis, from which y is 
measured, passes through the centre of gravity of the section. 

The neutral axis of a beam section therefore passes through its 
c#"ntre of gravity. 
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AACsA CSH^ 9yvCLOCti^9**gti^r*f sC^’^S^sS 

/^S 6:/^ rrv f ^joc : <,0rr />£au^ jfunxpCc 


Fig. 31 1. — Position of Nhutral Axis. 

Fig. 3TI shows the position of th^^ neutral axis for certain struc- 
tural sections. 

Moment of Inertia. — Fig. 312 shows beam sections divirled up 
into a very large number of thin strips parallel to the neutral 
axis. If we multiply each strip area by the sguar. of its distance 
from NA and sum up all the quantities obtained, we will obtain 
the value of ‘ I^a ’ for the given beam section. 



Ina = («1 X >'!*) + (a* X y**) + (as X Vs*) + etc. 

The values for certain structural sections will be found in 

Fig- 313- 

The proofs of ' I ' values for geometrical sections such as 
rectangles and circles involve the use of the calculus. 

It will be observed that the value of the moment of inertia of 
a beam section has nothing to do with the material of the beam. 
It is a pure geometrical property and is a * property of section ' 
of the given beam. 
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I'lr.. 313- PROPT.KIII’S OF Skc'Iion. 


Units for * I ' 

I - i:ay\ 

ICach term in tliis summation represents an ' area x a distance 
squared/ e.g. in.* X in.*. As inch units are nearly always used 
for expressing ‘ moment of inertia ’ values, it will be clear that 
the usual unit to employ is ins.^ 

ExampT-KS : 

(i) A steel beam section has the following cliniensious : fla}ige 
width - ()", flange thickness -- i'", overall depth — 12", loeh thick- 
ness ---- V. Calculate the safe uniformly distributed load for this 
beam if the effective span -- 16 ft., and the maximum permissible 
stress — 10 tonslin.^. 
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The expression for ‘ I^a ' for the beam section given is 
Bl)> bd*,, 

12 ~ 12 m Fig. 313). 

V 12 12 / 

= (864 — 458*33) ins.* -- 4^5 -^7 ins.^ 

Let ' W ' tons be the safe U.D. load, inclusiv^e of self-weight of 
beam. 

W X 16 X 12 405*67 

8 •'jy 6 

/ 12^^ \ 

(y -- distance of extreme fibre from NA = — = 6". j 

,,, 8 X lo X 405*67 

\Y tons — 28*17 tons. 

16 X 12 X 6 ' 

(ii) A solid round steel bar, 2” diameter, rests freely on supports 
iz" apart. Calculate the safe central-point load the bar could sup- 
port if the stress in the steel were limited to 10,000 lb. jin.'*, [Neglect 
self-weight of bar.'] 


* 1 ’ for section of bar 


Tzd^ 7 C X 2* . 


64 64 


ms.* = 785 ins.*. 


Moment of resistance =/- ™ 10,000 X 

3^ I 

M.k. — 7850 lb. ins. 

\\l 

= 7850 

VV X 12 Q 
- 7850 

4 

W = 2616 lb. 

(iii) Fig. 314 shows a steel chimney subjected to wind pressure. 
Estimate the stress which will be produced in the steel due lo the 
wind pressure, 

* I ' of chimney section = ^ (D* ~ rf*) 

= ^ (30* — 28*) ins.* = 9592 ins.*. 

04 


S.JA. — 9 ' 
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§ 


iVcnjct 
4‘0 Chs 


/ExS^^olL cCclcu •• SQ 
7/lCcJcrtj^S oP 

Fig. 314. — Steel Chimney, 

The area of chimney elevation at right angles to direction of 
wind pressure — (50 x t 1 ) sq. ft. The wind is not, however, 
acting on a flat, but on a curved, surface. It is usual to employ 
a reduction coefficient to obtain the effective area for wind 
pressure. A coefficient commonly employed for circular chimneys 
is *6. 

The resultant wind thrust == *6 X 50 x fg X 40 lb. 

= 3000 lb. 

Max. bending moment on chimney (at base) 

= (3000 X V) lb. ft. =,(3000 X 25 X 12) lb. ins. 

= 900000 lb. ins. 

M=/j- = V = 


y 

900000 




= / X 9 592 
15 

. ^900000 

9592 

= 1408 lb. /in.*. 


British Standard Beams 

A British Standard (B.S.4) gives a list of beam sections which 
are known as ‘ British Standard Beams ’ (B.S.B.). These sections 
are also listed in the ‘ section books ’ which are published by steel 
firms. The various beam properties are evaluated and tabulated 
for reference purposes. Specimen pages from a section book are 
given on pages 258-265. AU properties are given in ‘ inch ’ 
units. 
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Moments of Inertia. — Ixx or The ' XX ' axis of a 

beam is alwa37S at right angles to the web. It is for this axis that 
the B.S.B. section has the highest I-value, hence the term 

Iiriau-* The * XX ' axis is the neutral axis when the beam is 
used in tlie normal waj^ so that the column headed ‘ Inaai. ' is 
the important one in beam problems. 

Iyy or Ijnin. The ‘ YY ' axis is always parallel to the web of 
a steel beam. It is for this axis that the section has the minimum 
moment of inertia. This property is important in the case of a 
B.S.B. being used as a column or in the unusual case of a beam 
b(‘ing used with the ‘ YY ' axis horizontal. 

Description of a ' B.S.B.’ — A B.S.B. is described as loliows : 
' overall depth ' X ‘ breadth of flange ' x * weight of section in lb. 
per foot run.' Thus a ' 9" x 4" 21 lb.’ B.S.B. has a depth of 

9", a flange breadth of 4", and weighs 21 lb. for every foot of 
length. 

Example.— zl 9" x 4'' x 21 lb. B.S.B. is used to carry a total 
inclusive load of 15 tons, uniformly spread over an effective span of 
8 ft. Calculate the maximum stress in the steel. Look up the 
necessary properties on page 2^5. 

‘ Ixx ' given in the tables as <81-13 ins.^. 



M - 


\\l 

8 


15 X 8 X 12 


tons ins. = 180 tons ins. 


180 


-- distance of extreme fibre from neutral axis 
= \ overall depth qfz ^ 4-5”. 

/ X 81 -13 


— 10 tons/in. 2. 


Section Modulus. —Both ‘ I ’ and 'y * in the expression ‘ I/y ' 
are properties of a given beam section. It is convenient to 
amalgamate them into a single property. I'o this new property 
the term ' section ?nodu!us ’ is aj^plied. The usual symbol for 
section modulus is ‘ Z.’ 


Ina Moment of inertia of beam section about NA 
3 ' 


Distance of extreme fibre from NA 
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In most cases (i.e. in all cases in which the N.A. of the beam 
section is an axis of symmetry) y = half the overall depth of the 
beam section. In such cases we may write : 


L 


i ()V(Tall (l('])th' 

The fornmla for the moment of resistance of a l)eam section 
may now be expressed in the form most convenient for practical 

M = tZ. 


The symbols ' M ’ and ‘ ’ may have a variety of special mean- 
ings according to the type of beam problem in which they are 
involved. Usually ‘ M ' will stand for the ‘ maximum bending 
moment ' in the beam (e.g. ‘ \V//8 ' or ‘ W//4/ etc.) and / will bf‘ 
the permissible working stress. 


Z = M/f. 

Maximum bending moment 

Necessary section modulus = -- - 7^ : r-r — • 

Working stress in bending 

Values of Section Modulus. — The values of the ‘ section 

modulus ' for certain geometrical sections are tabulated in Fig. 

313. They have been derived from the basic ‘ I ' value by the 

formula, Z — l/y. Thus, for a rectangular section, tlu* section 

, , belaid hd^ 
modulus == / - . . 

12/2 () 

Section modulus values for B.S.B. sections are given on images 25S 
to 265. The important column is that headed ‘ Axis x — x.Max.' 

Units for section modulus : 

y ins. 

Thus a ‘ 6" X 3" X 12 lb. B.S.B. ' has a section modulus of 
7-00 

Extract from Steel Section Safe Load Tables, — The Safe Load 
Tables on pages 262 to 265 inclusive are reproduced by permission 
A the British Constructional Steelwork Association and the 
British Steel Makers. 

The tables on pages 258 to 261 are for a bending stress of 8 tons 
per sq. in. and are retained in the present edition so that students 
can note the effect of the increase of permissible bending stress to 
10 tons per sq. in. in B.S. 449 : 48. 
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Examples : 

(i) Given ' Ixx ’ — 204-80 in$.^ and ‘ lyy ’ — 21-76 ins.* for a 
10" X 6" X 40 lb. B.S.B., calculate ‘ Zxx ’ ff>td ‘ Zyy.’ 


Z 


XX 


Ixx _ 204-80 , 


5 


ins.* = 40-96 ins. 


Zvv 


21-76 . 


ins.* — 7-25 ins.*. 


3 ^ 

Ivy 

^ ” 3 

These arc tlic values given in the section table (page 261). 

(ii) If * Zxx * ^ X 5'' X 25 lb. B.S.B. — 14*56 ins.^, 

calctdate ‘ Ixx * 

Ixx . - .u- 6" 

~ V in this case = — = 3 . 


Zxx - 


14-56 


Ix> 


Ixx 43 -I>^ ins.*. 


(iii) A freely supported steel beam of lo-ft. effective span carries 
a uniform load of total value — 8 tons. Calculate the minimum 
permissible section modulus for the beam, assuming a ujorking stress 
of 10 tons per sq. inch. Select a suitable B.S.B. section from the 
tables. 


lTi\I 


max. 


8 


8 X 10 X 12 
8 


120 tons ins. 


M - fZ 
120 10 X Z 


Z — — 12 ins.^. 

10 

\\v must look do\Mi the column headed 'Moduli oj Section, 
/1 a/\s a; — X,' until we arrive at a value cither equal to 12 ins.* or 
slightly in excess. The nearest value is 13-91 ins.*, which is 
the section modulus of a 8" x 4" X 18 lb. B.S.B. 

(iv) Select the most economical beam section from the section tables 
to carry, for an effective span oj 12 ft., a central-point load of 4-5 tons, 
together with a uniform load of total value 9 ions, f ~ to ton s tin. 


Due to central load 

W 7 

4-5 X 

12 

X 

12 

162 


~ 4 

4 


tons ins. 


m 

9 X 

12 

X 

12 

162 


„ ,, uniform ,, 

~~ 8“ 


IT 





Total max. 

B 

.M. = 

324 

tons ins. 


[Lxample continued on page 266.] 
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112 93 8 80 4 70 3 62 5 56 2 51 1 46 9 43 2 40 2 

81 2 67 7 58 0 50 8 45 1 40 6 36 9 33 8 31 2 29 0 

89 2 ] 74 3 63 7 55 7 49 5 44 6 40 5 37 1 34 3 31 8 

65 3 54 4 46 7 40 8 36 3 32 6 29 7 27 2 25 1 23 3 

76 5 65 8 54 6 47 8 42 5 38 2 34 8 31 9 29 4 27 3 

68 2 56 8 48 7 42 6 37 8 34 1 31 0 28 4 26 2 24 3 

49 8 41 5 35 6 31 1 27 7 24 9 22 6 20 7 19 1 17 8 

64 9 54 1 46 3 40 5 36 0 32^ 4 29 5 27 0 24 9 23 1 

48 3 40 2 34 5 30 2 26 8 24 1 21 9 20 1 18 5 17 2 

41 2 34 3 29 4 25 7 22 8 20 6 18 7 17 1 15 8 14 7 

34 9 29 1 24 9 21 8 19 4 17 4 15 9 14 5 13 4 12 4 

3Q 4 25 3 21 7 19 0 16 9 15 2 13 8 12 6 11 7 10 8 

53 7 44 7 38 3 33 5 29 8 26 8 24 4 22 3 20 6 191 

x6h 40 6 33 8 29 0 25 3 22 5 20 3 18 4 16 9 15 6 14 5 

X 6 l 33 7 28 0 24 0 21 0 18 7 16 8 15 3 14 0 12 9 12 0 

x5 23 2 19 3 16 6 14 5 12 9 11 6 10 5 9 6 8 9 7 7 

x8 43 3 36 1 30 9 27 0 24 0 21 6 19 7 18 0 15 3 13 2 

X 6h 33 4 27 8 23 8 20 8 18 5 16 7 15 1 13 9 11 8 10 2 

x 6 l 281 23 4 201 17 5 156 14 0 12 7 11 7 9 9 8 6 

x5 19 6 16 3114 0 12 2 10 9 9 8 8 9 81 6 9 6 0 


32 


37 5 35 1 
27 0 25 4 
29 7 27 8 

21 7 20 4 
25 5 23 9 

22 7 21 3 
16 6 15 5 
21 6 20 2 
161 151 

,13 7 12 8 
116 10 2 
101 8 9 

16 7 14 7 
12 6 11 1 
10 4 9 2 


31 2 

281 

22 5 

20 3 

24 7 

22 3 

181 

16 3 

212 

17 2 

18 9 

15 3 

13 8 

11 2 

16 0 

12 9 

11 9 

96 

10 1 

82 

80 


7 0 



1 h€S9 tables were oriitnally reptoducid ly pcrmt st n and couriei.\ 

Noxe — The Britibh Constructional SUclwoik AsbOLUition and the British 
Steel Makers have revised the tables on pages 258 to 261 The new tables 
are shown on pages 262 to 265 and are based on a stress of 10 tons/m * 
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8 

Tons/Inch* 


JOISTS 

Dimension's and Properties 


X 

r 

y 

8tz« 
d >: b 
Inches 

Weight 
per ft 
In lbs 

Area 

standard 

Thicknesses 

Moments of 
Inertia 

Moduli of 
Section 

Safe 
Distri 
buted 
Load on 

1 foot 
Span 

Deflec 

tion 

Coeffleient 

8q Iq8 

Web 

Flange 

Axis 

X — X 

Max 

Axis 

y— y 
Min 

Axis 

X — X 

Max 

Axis 

y~y 

Min 

24x7i 

95 

27 94 

57 

1011 

2533 04 

62 54 

211 09 

16 68 

1125 8 

000769 

22x7 

75 

22 06 

50 

834 

1676 80 

4107 

152 44 

11 73 

813 0 

000839 

20x7i 

89 

26 19 

60 

1 010 

1672 85 

62 54 

167 29 

16 68 

892 2 

000923 

20xSi 

65 

19 12 

45 

820 

1226 IT 

32 56 

122 62 

10 02 

654 0 

000923 

18x8 

80 

23 53 

50 

950 

1292 07 

69 43 

143 56 

17 36 

765 7 

001026 

18x7 

75 

22 09 

55 

928 

1151 18 

46 56 

127 91 

13 30 

682 2 

001026 

18x6 

55 

16 18 

42 

757 

841 76 

23 64 

93 53 

7 88 

498 8 

001026 

16x8 

75 

22 06 

48 

938 

973 91 

68 30 

121 74 

17 08 

649 3 

001154 

16x6 

62 

j 18 21 

55 

847 

725 05 

27 14 

90 63 

905 

483 4 

001154 

16x6 

50 

14 71 

40 

726 

618 09 

22 47 

77 26 

7 49 

412 1 

001154 

15x6 

45 

13 24 

38 

655 

49191 

19 87 

65 59 

6 62 

349 8 

001231 

15x5 

42 

12 36 

42 

647 

428 49 

11 81 

57 13 

4 72 

304 7 

001231 

14x8 

70 

20 59 

46 

920 

705 58 

66 67 

100 80 

16 67 

537 6 

001319 

14x6 

57 

16 78 

50 

873 

533 34 

27 94 

76 19 

9 31 

406 3 

001319 

14x6 

46 

13 59 

40 

698 

442 57 

21 45 

63 22 

7 15 

337 2 

001319 

13x5 

35 

10 30 

35 

604 

283 51 

10 82 

43 62 

4 33 

232 6 

001420 

12x8 

65 

19 12 

43 

904 

487 77 

65 18 

81 30 

16 30 

433 6 

001538 

12x6 

54 

15 89 

50 

883 

375 77 

28 28 

62 63 

9 43 ' 

334 0 

001538 

12x6 

44 

13 00 

40 

1 

717 

316 76 i 

22 12 

52 79 

7 37 

281 5 

001538 

12x5 

32 

9 45 

35 

550 

221 07 

1 

9 69 

36 84 

388 

196 5 

001538 


of the Brthsh ConstrucHonal Steel tork 'i'fwciah n {see page 262) 
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JOISTS 

Safe Distributed Loads. In Tons 


SPANS IN FEET 


Tons/Inch* 


( 31 2 

31 2 26 0 22 2 
26 1 21 7 18 6 


18 5 14 8 
15 0 12 0 

19 4 15 5 

20 5 15 4 12 3 
12 4 9 3 7 4 


23 9 19 9 17 0 

14 8 12 3 10 5 
12 0 10 0 8 6 

15 5 12 9 11 0 

12 3 10 2 8 8 

74 62 53 


1 13 3 1 10 6 8 8 7 6 

97 72 58 48 41 

50 37 ^0 25 21 

69 51 41 34 29 

32 24 19 16 13 

45 33 27 22 16 

1 9 1 1 4 1 1 98 72 


27 3 24 2 21 8 
19 5 17 3 15 6 
16 3 14 4 13 0 
30 8 27 4 24 6 
12 0 10 6 9 6 

191 17 0 15 3 
14 9 13 2 11 9 
92 82 74 

75 66 60 

97 86 77 

77 68 61 

46 41 37 

66 59 53 

36 32 29 

18 16 14 

25 20 16 

12 96 78 


27 9 25 6 21 9 
19 8 18 2 15 6 
14 1 12 9 11 1 
11 8 10 8 9 3 

22 4 20 5 17 6 
87 80 68 

13 9 12 7 10 9 
10 8 9 9 8 5 

67 61 52 

54 50 43 

70 64 47 

56 51 37 

33 31 22 

4 4 3 7 

2 4 2 0 


17 1 

15 3 1 

12 1 

10 9 1 

86 

7 8 

7 2 

65 

13 7 

11 1 

5 3 

4 5 i 

7 5 

1 

6 1 1 

1 

59 

4 7 1 

36 

”1 

26 



/ ht t tahlrs were on^inalh reproinced l\ permissi n and c ur(e<i^ 
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8 

Tons/incM 


JOISTS 

Dimensions and Properties 


X 

Y 

I' 

y 

SIza 
d X b 
inches 

Weight 
per ft. 
in lbs. 

Area 

Standard 

ThJekneaseg 

Moments of 
Inertia 

Moduli of 
Section 

Safe 

Distrl- 

Deflec- 

sq. Ins. 

Web 

Flange 

Axis 

X — X 

Max. 

Axis 

y—y 

Min. 

Axis 

X — X 

Max 

Axis 

y—y 

Min. 

Load on 
1 foot 
Span 

Coefficient 

10 X 8 

55 

16-18 

•40 

•783 

288 69 

54 74 

57-74 

13-69 

307 9 

-001846 

10 x6 

40 

11*77 

•36 

•709 

204-80 

2176 

40-96 

7 25 

2185 

•001846 

10 x5 

30 

8-85 

•36 

•552 

146 23 

973 

29-25 

389 

1560 

•001846 

10 x4i 

25 

7-35 

•30 

•505 

122-34 

6-49 

24-47 

2-88 

130 5 

•001846 

9 x7 

50 

14 71 

•40 

•825 

208 13 

4017 

46-25 

11 48 

246-7 

•002051 

9 x4 

21 

618 

•30 

•457 

81-13 

415 

1803 

2-07 

96-2 

•002051 

8 x6 

35 

10-30 

•35 

•648 

11506 

19-54 

28-76 

6-51 

153-4 

•002308 

8 x5 

28 

8-28 

•35 

•575 

8969 

1019 

22 42 

4 08 

1196 

•002308 

8 x 4 

18 

5-30 

•28 

•398 

55-63 

351 

1391 

1-75 

74 2 

•002308 

7 x4 

16 

4 75 

•25 

•387 

3951 

3 37 

11 29 

1-69 

602 

•002637 

6 x 5 

25 

7-37 

•41 

•520 

43-69 

910 

14-56 

364 

77-7 

•003077 

6 x4i 

20 

5-89 

•37 

•431 

34-71 

6-40 

11-57 

2 40 

61 7 

•003077 

6 x3 

12 

3-53 

•23 

•377 ■ 

20-99 

1-46 

7-00 

•97 

37 3 ^ 

•003077 

5 x4i 

20 

5 88 

•29 

•513 

2503 

6-59 

1001 

2-93 

53 4 

•003692 

5 x3 

11 

3-26 

•22 

•376 

1368 

1-45 

5 47 

•97 

29-2 

•003692 

4|xlJ 

6-5 

1-91 

•18 

•325 , 

673 

1 

•26 

2-83 

•30 

15 1 

•003887 

4 x3 

10 

2-94 

•24 1 

•347 

T-79 

1 33 

3-89 

•88 

20^7 

•004615 

4 xl| 

1 

5 

1-47 

•17 

•239 

3-66 

•19 

1-83 

•21 

9 76 

•004615 

3 x3 

8-5 

2-52 

•20 

•332 

381 

1 25 

2-54 

•83 

135 

•006154 

3 xli 

4 

118 

•16 

•249 

1-66 

•13 

1 11 

•17 

5-92 

•006154 


of tJif British Constructional Steelwork Association (see pa^e 


The Safe Load tables on pages 262 to 265 inclusive are iT'produced by 
permission of the British Constructional Steelwork Association and the 
British Steel Makers. 
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Reproduced by permission and courtesy of the British 


Bending stress in thi-, table -- lo tons per sq. in. 
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BASED ON 
B S 449 
REVISE O 
1948 


JOISTS 


Dimensions and Properties 



Sjzc 

eight 
per foot 

in 

Area 

in 

Standard 

Thicknesses 

Moments of Inertia 

Gross Moduli 
of Section 

Uentlmg Stres* 
C oefficients 

dxb 

inches 

square 

Web 

Flange 

Axis 

x-x 

Axis 

Axis 

Axis 

Axis 

Axis 

pounds 

inches 

Gross 

Net 

Gross 

Max 

y-y 

Mm 

x-x 

y~y 

24y7i 

i 

95 

27 94 

57 

i Oil 

2533 04 

2289 84 

62 54 

211 09 

16 68 

125 0 

^93*3 

22x7 

75 

22 06 

SO 

834 

1676 80 

1504 98 

41 07 

152 44 

II 73 

1133 

726 6 

20 7i 

89 

26 19 

60 

1 010 

I6T2 85 

1506 77 

62 54 

167 29 

16 68 

129 1 

665 8 

20 V 6^ 

65 

19 12 

45 

820 

1226 17 

1087 74 

32 56 

122 62 

10 02 

109 1 

667 5 

00 

< 

00 

80 

23 53 

50 

950 

1292 07 

1166 77 

69 43 

143 56 

17 36 

168 i 

|6I7 5 

18x7 

75 

22 09 

55 

928 

MSI 18 

1026 21 

46 56 

127 91 

13 30 

121 4 

601 6 

18x6 

55 

16 18 

42 

757 

841 76 

752 52 

23 64 

93 53 

7 88 

100 8 

600 8 

16x8 

75 

22 06 

48 

938 

973 91 

877 40 

68 30 

121 74 

17 08 

191 6 

553 3 

16 <6 

62 

1821 

55 

847 

725 05 

647 28 

27 14 

90 63 

9 05 

101 6 

I 5258 

1 6 V 6 

50 

1471 

40 

726 

618 09 

551 05 

22 47 

77 26 

7 49 

103 3 

540 0 

15x6 

45 

13 24 

38 

655 

491 91 

438 78 

1987 

65 59 

6 62 

103 5 

508 3 

15x5 

i 

12 36 

42 

647 

428 49 

374 52 

II 81 

57 13 

4 72 

81 6 

490 8 

14x8 

70 

20 59 

46 

920 

705 58 

634 23 

66 67 

100 80 

16 67 

2156 

487 5 

14x6 

57 

16 78 

50 

873 

533 34 

473 21 

27 94 

76 19 

931 

124 3 

470 0 

14x6 

46 

13 59 

40 

698 

442 57 

393 71 

21 45 

63 22 

7 15 

1172 

475 8 

13x5 

35 

10 30 

35 

604 

283 51 

246 07 

10 82 

43 62 

4 3j 

85 8 

437 5 

12x8 

65 

19 12 

43 

904 

487 77 

437 33 

65 18 

81 30 

16 30 

231 2 

420 8 

12x6 

54 

15 89 

50 

883 

375 77 

332 09 

28 28 

62 63 

9 43 

148 1 

405 0 

12x6 

44 

13 00 

40 

717 

316 76 

280 59 

22 12 

j 52 79 

7 M 

140 8 

41 1 6 

12x5 

32 

9 45 

35 

550 

221 07 

19201 

9 69 

36 84 

3 88 

68 5] 

403 3 
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M==fZ 

Z = M// = ^ ins.’ = 32-4 ins.’. 

A 12" X 5" X 32 lb. B.S.B. has a section modulus of 36-84 ins.’. 
The reader should check, from the section tables, that there is no 
(jther section, having a Z-value even higher than 36-84 ins.‘, 
which weighs less than 32 lb. per toot. 

(v) Find the necessary section modulus for the simply supported 
beam shown in Fif^. 315 . / = 8 ionsjms} in this case. 



I'lt. JM. 


20 = (12 17) + (4x4) + (20 ^ 10) 

- 204 T 16 I 200 - 420 
Ra ~ 21 tons. 

20 (12 3) -i- (4 16) I (20 - 10) 

36 f 64 T 200 300 

Kit 15 tons. 

Position of max. B.M. 

If we pioceed along the beam from the left reaction up to a 
point 9 ft. from the left we take up [(2 x 6) + (1 \ 9J] tons — 
21 tons of load. This equals the left-end reaction, hence the 
point of max. bending moment is 9' trom the left support. 

B.M-mai, ~ Reaction moment — load moments 

— (21 X 9) — (i^ X 6) — (9 > 4-5) tons ft. 

= (189 — 72 — 40-5) tons ft. 76-5 tons ft. 

M -/Z 

Z = ins.* = 114-75 ins.’. 

O 

The B.S B. with the smallest pounclage which has the necessary 
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section modulus is a * 20^" x x 65 lb.* 
B.S.B. (Z = 122*62 ins.*). 

(vi) Calculate suitable filler joists for the 
cantilevered floor example shown in Fig. 316. 
The super, load for the floor == 150 lb. per sq. 
foot. The density of the floor = 140 lb. per cu. 
foot. / = 10 f^nslin. . 

For one sq. foot of g'' floor the self-weight 

will be X 140 = 105 lb. 

12 

Dead load = 105 lb. /ft.* 
Super. = 150 „ ,, 
Total load = 255 lb. /ft.*. 



Fig. 316. 


Load carried by one filler joist = (2*5 X 5 X 255) lb. 

= 3187*5 lb. = 1*423 tons 

B.M.max. ~ ~ ^ ^^8 X 12 _ 42*69 tons ins. 

M =/Z 

„ M 42*60 . ^ . 

Z = -7 = ms.* = 4*269 ms.* 

/ 10 ^ y 

A s'" X 3' X II lb. section will be suitable as it provides a 
section modulus of 5*47 ins.*. 

(vii) A timber beam of g-ft. span has a section 3' wide x g'^ deep. 
It carries two equal concentrated loads, each 6J cwts. The loads are 
symmetrically placed * x' ft. from either support. Calculate the 
maximum value of * x' if the stress in the beam is not to exceed 
6 cwts.Jin.*. 


Each reaction = 6*75 cwts. 

= (675 X x) cwts. ft. 

= (675 X X X 12) cwts. ins. = 8iAr cwts. ins. 
M =/Z 

z = “■ = 3 X 9 x9 _ 5 

o o 

8iac = 6 X 40-5 

6 X 40-5 ^ ^ 

* = — It. = 3 ft. 
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Note- - M ™ /Z = for rectangular beam sections. This 

formula was previously obtained by first principles (page 242). 

(viii) A 12^* X S'" X 65 Ih. used as a freely supported 

beam with an effective span of 18 ft., carries a uniform load of total 
value 24 tons. Calculate the stress in the beam at a point 3 ins. 
beneath the top of the compression flange, at a beam section 3 ft. from 
the left support. Draw the stress variation diagram for the beam at 
the given section. Z /o;' B.S.B. = 81*3 ins.*, 

^ R^^ == 12 tons. 

I.oad on beam up to given section — (3/18 x 24) tons = 4 tons. 

B.M. at given section == Reaction moment — load moment 
= [(12 X 3) — (4 X 3/2)] tons ft. 

= (36 — 6) tons ft. = 30 tons ft. 

M =fZ 

/-- tons/iii.« =- 4-43 tons/in.'. 

'The stress varies from 4*43 
tons /in.* at the top of the section to 
zero at the neutral axis, i.e. 6" below 
(see Fig, 317). 

I'herefore at 3^" below top of beam 
the stress will be 3/6 x 4*43 = 2*215 
tons /in.* (compression). 

Example of Steel and Timber Floor 

A floor, 30 ft. X 28 ft., is to be 
constructed of timber beams sup- 
ported by steel beams. The beams 
are to be arranged in the manner 
indicated in Fig. 318. The total 
floor load, inclusive of estimated self-weights, is 240 lb. per sq. foot. 
A special allowance of 3000 lb. is to be made for the self-weight 
of the compound girder. Design suitable timber and steel beams, 
giving the necessary section modulus in the case of the compound 
girder. 

Working stresses: Timber, 900 lb. Jin.*. Steel, 10 tons jin.*. 


OX-J 


r/a'* 

— *^4 — 
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/ imher beams : 

All the timber beams have lo-ft. span and are spaced at 15* 
centres. 

Area of floor supported by one beam 

— ([5 X 10) sq. ft. = J2-5 sq. ft, 

Unifoim load carried by one beam 

= (240 X 12-5) lb. = 3000 lb. 


B.M.„ 


W/ 


3000 X 10 X 12 . 

— 5 lb. ms. = 45,000 lb. ms. 

o o 


M 

45,000 

bd^ 


300. 


fbd^ 

6 

qoo X bd^ 
b 

6 X 45000 

QOO 

Hi — 3'', d- — 100. /. d — lo'". 

Suitable dimensions for timber I)eams would be : breadth 
depth “= 10". 

BS, B.s t 

Effective span i8 ft. 




N / 

9^ 


/O /O " 


— M 


-'^Tcvn^e/- 


bz>rn/QC><^n<s^ 


Y/7/y7//^e 




7 

yZ>eeaLnxs. 


— 30 

ZilC ttjrtber bea^ns cut /S c S'. 

} jG 318 -—I'XooR Example. 


The B.S.B.s carry the reaction loads of the timber beams. 
As the distance between the timber beams is small, relatively to 
the effective span of a B.S.B., we may assume the load carried by 
a B.S.B. to be uniformly distributed. 
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In this case the uniform load to be. taken for each B.S.B. is that 

corresponding to a floor area i8 ft. 

= (i8 X lo) sq. ft. = i8o sq. ft. 

Total uniform load == (i8o x 240) lb. == 19-3 tons. 

M =/Z 

19:3 X.18 X_^2 ^ ^ 2 


z == 


19-3 X 18 X 12 . , 

- ^ ^ ^ ms* 

8 X TO 


= 52*11 ins.*. 


A 12'' X 6"" X 44 lb, B.S.B. has a section modulus of 52*79 ins.*. 

A 15" X 5" X 42 lb. B.S.B. has Z^x — 57*13 ins.*. Either of 
these beams will be suitable from strength point of view. 

[If no allowance has been made in the floor loading for self- 
weight of B.S.B.s in any given case, the excess of supplied section 
modulus over required section modulus should be checked to 
ensure the necessary margin.] 

Compound girder : 

The compound girder carries two reaction loads (from the 
respective B.S.B.s) and a uniform load due to the fact that it 
directly supports the ends of the timber beams in the lower bay. 
Each B.S.B. carries a uniform load of 19*3 tons, and hence trans- 
mits a load of 9*65 tons to the compound girder. 

The uniform load carried by the compound 


= [(30 X 5) sq. ft. X (240 lb. per sq. ft.)] = 36,000 lb. 


Adding in the self-weight allowance of 3000 lb., the total 
uniform load carried = 39,000 lb. = 17*42 tons. 

The maximum bending moment occurs at the centre of the 
beam for the uniform load system. For the concentrated load 
system it remains at the maximum value for the middle 10 ft. of 
the beam. B.M.^ax. therefore occurs at the centre of the beam. 

B.M.n^x. = Reaction moment — load moments. 

The total left-end reaction = ^9*65 -f — — tons = 18*36 tons. 

B.M.^„. = (18*36 X 15) — (9*65 X 5) — (8*71 X tons ft. 

= 275*4 — 48*25 — 65*325 == 161*83 tons ft. 
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Z = ^ 


194-196 ins.* 


/ 10 

Necessary section modulus for the compound girder = 
194-196 ins.®. A list of properties of compounds will suggest a 
suitable section to employ. 


Shear Stress in Beam Webs 

The question of shear stress in beam webs becomes important 
when B.S.B.s are fully loaded for small spans. As the span 
decreases the carrying capacity of a beam in tons increases, and 
hence the support reactions increase. This results in increasing 
shear stress in the beam web. A point will arise when the shear 
stress becomes unsafe and the webs will require stiffening. 
Section books usually indicate on safe-load tables the spans below 
wliich, if tlie beam be fully loaded, the webs will require 
strengthening. 

Limitation of Deflection in Beams 

The maximum deflection of a beam has to be limited to an 
amount which depends upon the particular employment of the 
beam, h'or steel beams in steel-framed buildings the limit is 
usually taken as i /325th part of the span. 

The theoretical treatment of beam deflection is beyond the 
scope of this book, but the following may be found useful. 

The zigzag black line marked on the tabular safe-load tables 
(c.g. on page 262) is a safeguard from the deflection point of view. 
Beams which carry the tabular loads given to the left of the blaok 
line will not have excessive deflection. Such loads are therefore 
satisfactory from both strength and ' stiffness ' points of view. 
The loads given to the right of the demarcation line will not cause 
excessive deflection, but do not stress the steel to the safe working 
stress and are therefore not economical. 

In the case of 8 tons /in.® working stress the maximum span 
permissible will be found to be 24 times the overall depth of the 
beam. 

For 10 tons/in.® working stress the maximum corresponding 
span/depth ratio is 19*2. 

Section and Safe Load Tables. — The ‘ section and safe load 
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tables ' for joists, published in the various handbooks of steel 
firms prior to 1948, were based on a maximum fibre stress in 
bending of 8 tons/in.*. The columns of figures were usually set 
out under such headings as those shown on page 258. In 1948, 
the revised ' British Standard 449 ' appeared, and * / ' was changed 
from 8 tons/in. 2 to 10 tons/in. 2, under certain conditions. Other 
changes introduced into B.S. 449 : 1948 made necessary some 
alterations in the headings of the tables dealing with ‘ Dimensions 
and Properties ' (pages 262-265). The scope of this book only 
requires the use of the revised tables for examples of simple 
beams — with assumed equal safe bending stresses in compression 
and tension flanges. 
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TzcLtUre ^CLct 

AtaM.(yrt.ct,rro 

B.M. 

Afci/^cm.ijLrrv 

£Le/Cecdc^n 

1 

V 

iv€. 

// 

-H 

^3 £I 

1 

U,D,Co<!Ld W 

2. 

// 

A- ^ -A 

^ cz 

1*. 

wC 

// 

48 

t— ^ -A 

4- 

UO.tocuC W 

8 



484- £Z 


Fig. 319. — Deflection Formulae. 


Deflection formidcc. — Fig. 319 gives four important deflection 
formulae. The proofs of these will have to be considered by the 
reader in his more advanced studies. 

Example (i). — Calculate the maximum deflection of a 12'' x S'’ 
X 65 lb, B.S.B. which carries a U,D. load of 18 tons. The effec- 
tive span is 24 ft. E = 13,000 tonsjin.^. Ixx for gix^n beam 
section ss: 48777 ins,^. 
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(i) By formula : 

Maximum deflection 
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_ 5 18 X (24 X I2)> 

“ 384 


384 El 
iiLS. — -89 ins. 


13,000 X 48777 
* (ii) By deflection coejjicient : 

Deflection coeflicient = -001538 (see page 259) 

[The load 18 tons corresponds to a maximum fibre stress of 
8 tons/in.2.] 

Maximum deflection = -001538 x 24^ ins. « -89 ins. 

(iii) Check by tabular safe loads (8 tons jin}): 
l^^or the given section, tlie load of 18 tons is the tabular load for 
a span of 24 ft., the span given in the quesiiun and which is 
adjacent to the zigzag black line. In tliis case the deriection 
will be : 

Span 24 X 12 . o - 

-J - — = —T ~ .go ins. 

325 325 

Example (ii). — Calculate the maximum deflection of a timber 
beam, 3" wide X 9^^ deep, which carries a centr appoint load. The 
effective span is 12 ft. and the load produces a maximum beam stress 
of 1000 E — 1,200,000 Ib.lin.^. 

{Neglect self-weight of beam.] 

Let W lb. = central load 
m_fbdf 

4 6 

W X 12 X 12 _ 1000 X 3 X 9 X 9 

4 “ 6 

W = IT25 lb. 

I W/> 

Max. deflection = 

48 K1 

I = - 3 X 9 X 9 x _9 ^ . 

12 12 

.. , a I 1125 X 144’ 

Max. deflection = X — - — „ 

48 1,200,000 X 182-25 

= -32 ins. 

Timber beams carrying plastered ceilings should not deflect 
more than about per foot of span. 

* These coefficients are not now given in section books. 
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Experiments on Beam Deflection 

The experimental laws of deflection may be verified by the 
apparatus given in Fig. 320. The first photograph shows a 
simply supported beam with a uniform load. The deflection is 
being measured in this experiment by means of a vernier scale. 

The second photograph is an enlargement of the vernier scale. 
The vernier is attached to a vertical pin which rests upon the 
beam at the centre, or at any desired point. 


Safe Distributed Load on i-ft. Span 

This column in the section tables (pages 258-261) is useful 
when the load is required for spans intermediate between those 
given in safe-load tables. 


M -/Z. 




The safe uniform load is therefore inversely proportional to the 
span. 

Taking, for example, a 10'^ X S'' X 30 lb. and assuming 

/ --= 1 ft. (i.e. 12") and / == 8 tons/in.*, 

8 X 8 X 29-25 ^ . . 

W = tons = 156 tons. 

12 ^ 


Tins is the value given in the table. The safe load for a span,. 
say 10' b", would be = 14-85 tons. 

If section tables are available, the safe uniform load for any 
s[)an may thus be quickly obtained. Modern section tables,, 
however, do not contain ' safe loads per foot of span ' columns. 


Modulus of Rupture 

Beam specimens of timber are tested to destruction in testing 
machines in order to determine the relative values of the different 
\ arieties of timber for use as beams. The standard beam speci- 
mens are 2" x 2" in section and are supported and loaded in 
the manner laid down in B.S. 373. If the maximum bending 
moment the beam can support before fracture be divided by the 
section modulus of the beam section, a value oi* f is determined, 
which is a guide to the value of the particular variety of timber 
as a beam material. The value oi * f* thus fixed is termed the 
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* modulus of rupture * of the given timber. The modulus of 
rupture must be divided by a * factor of safety * in order to arrive 
at a suitable workmg stress for beam-design calculations. The 
factor of safety is of the order of ' lo.' This high ' factor ' is a 
safeguard against excessive beam deflection. 

If the modulus of rupture of a given timber be assumed to be 
11,000 lb. /in.* and a factor of safety of * lo ' be adopted, the 


workmg stress in bending would be 


11,0 00 lb. /in * 
10 


iioo lb /m.*. 


L.C.C. regs. give details of workmg stresses to be used m timber 
design (see page 299). 






Fio 321. — 2-TON Iransverse Bending Machine. 

Fig. 321 shows a specimen of timber being tested in a transverse 
bendmg machme. The specimen is centrally loaded m this case. 
An alternative method is to have two symmetrical and equal 
point loads, thus subjecting the specimen to a uniform bendmg 
moment over the central portion of its length. 
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Exercises 12 

[The self-weights of beams are to be neglected unless otherwise 
stated.] 

(1) A timber beam has a section y wide x 6'" deep. It is 
subjected to a bending moment of 180 cwts. ins. 

Calculate (i) the maximum fibre stress produced, (ii) the 
resultant compressive and tensile forces which constitute tlic 
couple resisting bending, (iii) the arm of the resistance moment. 

(2) Calculate the safe central-point load for a timber beam, 
2'' wide X 6 " deep x 9 ft. effective span, if the maximum per- 
missible bending stress is 900 Ib. per sq. inch. 

(3) What would be the safe point load for the beam of exercise 
(2), if the load were placed at 3 ft. from the left end ? 

(4) Calculate suitable dimensions for a timber beam of lo-ft. 
effective span which has to carry a uniform load of 980 lb. fhe 
working stress is 900 Ib./in.^ 

(5) Calculate the maximum stress induced in the timber beam 
given in Fig. 322. The beam is 2'' wide and 6" deep. 



Pig. 322. Fig. 323. 

(6) Obtain the safe load per sq. foot of floor (inclusive of self- 
weight of floor) for the timber floor shown in lug. 323. The 
maximum stress in the timber is not to exceed 1200 lb. per sq. 
inch. 

(7) The cantilever (Fig. 324) is composed of timber weighing 
40 lb. per cu. ft. It carries a concentrated load of 2000 lb. at 
2 ft. from the support and a uniform load of 30 lb. per foot run. 
Assuming a working permissible stress of 800 lb. per sq. in., 
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2000 U>s pef /6 

A'. 4 



Fig. 324. 


find the additional concentrated load the cantilever could safely 
carry at its free end. 

(8) A g'' X 4^^ X 21 lb. B.S.B. (Z^x = 18 in.*) has an effective 
span of 8 ft. Calculate the safe uniform load this beam could 
carry if the working stress be 10 toiisyin.-. What would be the 
safe central load in this case ? 

(9) W ^xx X 5" X 28 lb. B.S.B. section is 89*69 ins.*. 

Calculate Zyy. 

(ii) Zxx for a 14^ X S'' X 70 Ib. B.S.B. section is ioo*8 ins.*. 
Calculate Ixx- 

(iii) If Ixx for a B.S.B. is 618 ins.* and Z^x = 77' ^5 wliat 
is the overall depth of the beam ? 

(10) Calculate the necessary section modulus for the B.S.B. 


shown in Fig. 325. / = 

= 8 tons /in.*. 


k A'\ 



^^=1 i 1 

> 



/ 

/o — H 


Fig. 325. 


(11) Assuming a permissible working stress of 10 tons /in.*, 
obtain the necessary section modulus for the steel beam given in 
Fig. 326. 

(12) Select a suitable B.S.B. section, from the tables given on 
pages 258 to 261, given the following data : 

Effective span = 6 ft. 

Loads : 5 tons U.D. together with a point load of 2 \ tons at 
mid-span. 

Working stress ■-= 8 tons/in.*. 
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S tons 

/e' »-[ 

Fig 326. 

(13) A balcony floor is composed of concrete with steel filler 
joists at 2' b" centres. The total thickness of the floor is g" and 
its average density is 140 lb. per cu. foot. The filler joists are 
g/r X s'' X II lb. B.S.B.s [Zxx “ 5*47 ins.*] and the floor projects 
4 ft. from a wall. Assuming a super, load of 200 lb. per sq. foot 
on the floor, calculate the maximum stress in the steel. 

(14) Fig. 327 shows a compound grillage which is composed of 
three B.S.B.s. Calculate the section modulus required in eacli 


UriAj/orm ground 

Fig. 327. 



B.S.B., assuming a working stress of 12 tons/in. =*. Neglect self- 
weight of grillage. 


[Invert the diagram and 
treat as an overhanging beam 
with a uniformly distributed 
load of 5 tons per foot run.] 

(15) Fig. 328 is a plan view 
of a floor with overhanging 
timber beams resting on 
B.S.B.s. Assuming the floor 
to weigh 15 lb. per sq, foot 
and the live load to be 15b lb. 


Tdnher beanT^ czb 42 '6 'ns. 



Fig. 328. 
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per sq. foot, find suitable dimensions for the timber beams. 
= 1200 lb. /in.*. 

(i6) Calculate the safe inclusive load per sq. foot for the floor 
given in Fig. 329. 

Working stresses : Steel = 10 tons /in.*. 

Timber = 1200 lb. /in.*. 



Fig. 329. 


(17) Calculate the stress caused by bending in the case of the 
solid mild steel column given in Fig. 330. 



Fig. 330. 


(18) A steel tube, 4^" external diameter 
and J"" thick, projects i' 3'' horizontally 
from a wall. It carries a vertical load of 
‘ W ' lb. at the free end. Calculate the 
maximum permissible value of ‘ W,' if the 
bending stress it produces must not exceed 
6000 lb. /in.*. 

(19) A steel beam has the following 
dimensions : 
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Flange width = 5' 

Flange thickness = 1' 

Overall depth = 10' 

Web thickness = 

Calculate the safe uniform load the beam can carry, in addition 
to a point load of lo tons at the centre, if the effective span = 10 ft . 

The working stress for the steel = 10 tons per sq. inch. 

(20) The effective span of timber floor beams, 3* wide x 6* 
deep, is to be 9 ft. Assuming a total inclusive floor load of 178 lb. 
per sq. foot, calculate the maximum permissible spacing for the 
beams. The modulus of rupture of the timber is 12,000 lb. per 
sq. inch. A factor of safety of 10 must be used. 



CHAPTER XIII 


INTRODUCTION TO THE PRINCIPLES OF COLUMN 
CALCULATIONS 


It is intended to outline, in as simple a manner as possible, the 
fundamental principles underlying the calculation of the strength 
of a compression member.’’' 

Two factors have to be taken into consideration when dealing 
with compression members which usually do not enter into the 
corresponding tension-member problem. 

In the case of compression members, (i) the length of the member 
is very important, (ii) the manner in which the ends are fixed has 
an important bearing on the safe load the member can carry. 

A compression member has a two-fold tendency to failure. 
Firstly, the applied load tends to crush the fibres of the member. 
In a ' short ' member this is the important effect produced. 
Secondly, the load may tend to produce failure by the side- 
bending or * buckling ’ of tire member (Fig. 331). This is an 
important consideration in a ‘ long ' compression member. The 
interpretations of ' short ^ and ' long ’ will be given a little later. 


r 


CbLunrt^ 

SOb/ejc/^x::C 

Ch Jl 




CoCurrt/^ 








PTg. 331.- Short and Long Columns. 


If you stand your i2"-scale rule on end and subject it to an 
increasing compressive load, it soon begins to * buckle ' sideways. 
A b^'-scale rule of the same cross-section would stand up to a 
greater load, whilst a 24' rule would buckle more easily than the 

♦ For a more advanced treatment of column design, based on B.S. 449, the 
reader should consult Structural Steelwork, by Reynolds and Kent. 

28^. 
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12" rule. It is clear, therefore, that, other things being equal, 
the ' buckling ' tendency becomes of greater relative importance 
as the length of the member increases. 

Consider two scale rules, both 12'' long and of the same sectional 
area. Assume one of the rules to be of the normal section and 
the other to be of triangular section, such as is found in the special 
rules having full-length multiple scales. If the simple com- 
pression test previously mentioned were applied to these two 
rules, the one with triangular section would stand up to a higher 
load before buckling. 

It appears, therefore, that length and ‘ cross-sectional area ' ire 
not the only factors involved in the strength of an axially loaded 
column of a given material. The shape of the section has an 
important bearing on the value of the safe column load. The 
precise manner in which the cross-sectional dimensions enter into 
calculations of column strength introduces another ' property of 
section * which involves the ‘ moment of inertia ‘ of the column 
section and its ' sectional area.' This new property is termed the 
‘ radius of gyration ' of the section. It is denoted by the letter 
* r ’ in the subsequent calculations. 

Sometimes the letters * k' and * g' are used for denoting 
‘ radius of gyration.' 

Radius of Gyration 

The radius of gyration of a column section about a given axis 
(i.e. imtli reference to a given axis) is the square root of the result 
obtained by dividing the moment of inertia of the section, about 
the axis, by the area of the section. 



Example. — Calculate ‘ rxx * ' ^yy * ^ ^2'' X S'" x 65 Ih. 

B.S.B. section given 48777 ins.\ /yy ins.^ and 

sectional area = 19*12 ins .'^. 
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X— 


Fig. 332. — Radius of Gyration. 



- V'r - Vif ii - ^-*5 

[Note that the unit in which to express radius of g5a*ation is 
the ' inch,'] 

These values may be checked by the tables given on page 291. 

Least Radius of Gyration. —In the beam calculations of the last 
chapter, ' Imar./ i-^^- ‘ 1 ’ about the ' XX ' axis, was the important 
value of the moment of inertia. When a B.S.B. is used as a 
column, it will clearly tend to side-bend (under concentric load- 
ing) so tliat ' YY ' is the neutral axis, because for this axis the 
resistance to bending is much smaller. The ‘ YY ' axis is there- 
fore the important axis in column calculations, in the majority of 
cases. As ‘ lyy ' is ' least the value of ‘ least r ’ will be asso- 
ciated with the * YY ' axis. 

Least r = = Vt’ 

The ' YY ' axis, for all B.S.B. sections and for most compound 
column sections, is the one which is associated with ‘ least r' In 
^ther cases, if there is any doubt, evaluate both ' I^x ' ^ind ' lyy.* 

Formulae for Radius of Gyration Values 

In Fig. 333 certain geometrical sections are shown, the least 
* f * values for which should be memorised. 
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cC 

4- 


r — 


ryy 




333 - — Circular and Rectangular Sections, 


Solid circular section: 

/ 1 / nd* , nd* a / ^* ^ 

= = Va = V^4 4 ^Vi6^4- 

Least * f ' in this case is one-quarter the diameter. 

Solid rectangular section : 


^xx ~ 

ryy =- 

Least r = 





Lesser transver se dimension 

\/l2 


Steel-beam type section {Fig. 334) : 

In the example given, ' least r * will be associated with the 
• YY ' axis. Taking the symbols shown in diagram and treating 
the section as consisting of three component rectangles, 


12 12 12 
== af + bw + af. 


Least r = 



S.M —TO* 
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Examples : 

(i) Calculate * least r ' for a solid circular 
column section 6'' diameter. 


Least r 


1*5 ms. 


(ii) Find the least radius of gyration for 
a rectangular section, 4" x (y" . 

4'' 

Least r — ~ i-is"". 


iMCr JJ4 — Joisi 
Column Section. 


(iii) Obtain the least radius of gyration for 
the steel column section given in Fig. 335. 


Least r 




Iyv — 2 


1x8’ 


10 X 


= & 5 -i 3 + -I = 85-43 ins.‘ 

A = 2(1 X 8) + (10 X I) = 21 s(]. ins. 


Least r — 4 “ 


07 — 2-02 nis. 


, t- e'-^i . 


Fjg 335 — 12" X S * Steel Joist Column. 

(iv) A hollow rectangular section is 12'' x 6", overall dimensions. 
The material of the section is i" thick. Calculate the least radius of 
gyration of the section. 

Let the Y Y-axis be parallel to the 12" side. 

^ j BD» bd* __ (12 X 6» 10 X 4®\ . . 


I16MI — I's 


)» _ bd* __ /] 
j 12 \ 


-)ins.‘ 


(216 — 53-33) = 162-67 i«s.* 
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Sectional area == 32 in.*. 

Least r 


V 162*67 
32 


2*25 ms. 


End Fixture of Columns 

Before explaining the application of the section property 
' radius of gyration ' in column-strength calculations we must 
consider the effect on compression members of the manner in 
which the ends are fixed. 

If you place your 12 ''-scale rule uprightly on 
a rough table and press vertically with the tip 
ol the finger, the rule will deflect from end to 
end in one curve. The ends are merely held 
ill position, and there is no restraint at the ends 
tending to prevent free bending. Columns fixed 
in this manner are said to be * position fixed oyxlyJ 

Now imagine the rule to be held in two grips 
as shown in Fig. 336. The bending tendency 
is not now in one simple curve. The end 
restraint causes a complicated form of bending. 

A column held in the manner demonstrated is 
said to be ' direction fixed ’ at its ends (see also Fig. 337). 



I'lG 330 JilFFECT 

OF End 1''ixturk. 


J\A/oenctrQSt^rxjLr\/; 
/ I 0/ 

I I 


CoCumrv 
heZc?C 
of CLocuC^ 
Cc2jtt^rcoU^ 


/^sei&hn /irkecC 
€>r^C^ ^ 


GuexjcC 


337 — End Ftxiirf oi Columns. 


Effective Column Length. — A compression member whose ends 
are ‘ position fixed only ' behaves, as has been stated, as if its ends 
were ‘ pin- jointed.' Even when the ends are more rigidly held, 
a portion of a compression member tends to deflect as if this 
portion had pin-joints at its ends. The length of the member 
which is thus equivalent to a pin-jointed strut is known as its 
‘ effective length.' It will be clear that, other things being equal, 
the less the ‘ effective length ' the stronger the member. 
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/i ^ 

£ — ^/y^ecZi^ " 

/?yf **• Z?vc^ /c^e,c^ Zrx^ ^:^ScZjuor^. or^^y 
O /:^ DcrecZcc^ ixrvcC^osotic>r^ 

Fig. 338 — Effective Column Length. 


Various building regulations give methods to be adopted in 
deciding upon the effective length of a column in any given prac- 
tical case. The diagrams given in Fig. 338 indicate that the 
‘ effective length ' may be as low as 070 of the actual length and 
as high as twice that length. 

Slenderness Ratio. — The actual safe concentric load for a 
column depends upon a combination of its ‘ effective length ' and 
the ' least radius of gyration ' of its section. The ‘ slenderness 
ratio * of a column is the ratio of its * effective length ’ to its 
‘ least radius of gyration.' 

. . . Effective length in inches V I 

Least r in inches r r 


Examples : 

(i) A mild steel column of solid circular section, dia., has an 
effective length of 12 ft. Calculate its slenderness ratio. 

Least radius of gyration of column section = — — ^ 


1*25 ms. 


I 144* 

Slenderness ratio == ~ = ~ 115*2. 

r 1*25 


(ii) A steel strut in a truss has a length of 6 ft. Its ends are to be 
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regarded as * position fixed only* Assuming * r* [least) from 
section tables to be given as o*68", calculate the slenderness ratio 0/ 
the stmt. 

Effective length of strut = actual length = 72''. 

I 12!’ 

Slenderness ratio = - = = 105*9. 

A ' short ' compression member is one with a low slenderness 
ratio value. The higher the value of ‘ //r/ the 'longer' the 
member in this general classification. 

The precise importance of the ' slenderness ratio’ value in any 
given case is that it determines the working compressive stiess 
permissible in the member. 

Calculation of Column Strength 

The value of the estimated safe load for a given column will 
depend upon the particular ' column formula ’ we accept. There 
are several such formulae in common use. I'lie reader is referred 
to text-books on the ' theory of structures ’ for descriptions of 
formulje known as ' Eulers,' ‘ Rankines,' etc. It is possible, in 
tire limits set for this chapter, to refer in detail to one method of 
calculation only. In this method a permissible working stress is 

given for each ^ value. Insts of siieh stresses are given in 

L.C.C. regulations, B.S. No. 449 and other building regulations. 

The table shown in Fig. 339 gives the rvalues of permissible 
axial stresses as laid down in B.S. 449 : i()4S, and in the London 
Building (Constructional) By-Laws, 1^32. 


MILD SI hJ’.L COLUMNS 


Slonci( riic-bs Ratio 

Woi king Stress 

Sleiidemess Ratio 

\N 01 king Stress 

Lffpctivc Column I 

1 1 ast Radius of CiViation 

I ons per sq intb 
of btction for Axial 

I fft ( ti\e Column Dngth 

1 east Radius of (^^ ration 

1 ons jv r sq m* h 

of S<‘( tion for Axi il 

/ 

Lo.admg 

1 

1 oading. 

r 


r 


JO 

8 0 

()() 

4 


7 3 

1 no 

4 I 

40 

7-1 

I 10 

37 

50 

6'6 

120 

3-3 

60 

61 

130 

2-9 

70 

5-6 

140 

2-6 

80 

5 * 

150 

2-3 


339 - Working Stresses in Mild Steel Columns. 
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JOIST STANCHIONS 

* Safe Loads 


BASED ON 



BSB 140 24x7i 186 175 164 153 142 131 120 1 10 100 910 82 7 68 6 57 5 

BSBI39 22x7 141 132 122 113 103 94 3 85176 6 68 9 62 0 55 9 46 0 38 3 

BSB 138 20\7i 176 166 157 147 137 127 117 107 98 0 89 4 814 67 8 57 0 

BSB 137 20A6i 121 112 104 95 5 86 9 78 3 70 3 62 9 56 4 50 6 45 6 37 4 


BSB 136 18x8 163 156 148 140 132 124 116 107 99 9 92 0 84 8 716 60 8 

BSB 135 18x7 145 136 127 118 110 101 92 0 83 5 75 6 68 5 62 0 513 42 9 

BSB 134 18x6 98 8 91183 3 75 3 67 5 600 53 3 47 4 42 2 37 6 33 8 27 5 

BSB 133 16x8 154 147 140 132 125 118 110 103 96 0 88 8 81 9 69 5 59 I 


BSB 132 I6x6h Ml 102 94 3 85 5 76 7 68 3 60 7 53 9 48 I 43 0 38 5 3 1 4 

BSB 131 I6^6l 90 9 84 0 77 I 70 I 63 0 56 3 50 2 44 7 39 8 35 6 32 0 26 I 

BSB 130 15 6 815 75 2 69 0 62 6 56 2 50 2 44 6 39 7 35 4 317 28 4 23 2 

BSB 129 15 5 67159 7 52 2 45 3 39133 8 29 4 25 6 22 6 


BSB 128 14x8 145 138 132 125 118 112 105 98 5 91 8 85 I 78 6 67 0 57 2 

BSB 127 I4> 6h 105 97 9 90 4 82 8 75 I 67 5 60 4 54 0 48 4 43 4 39 0 3 1 9 

BSB 126 I4x6l 84 6 78 3 72 0 65 7 59 3 53 I 47 4 42 3 37 7 33 8 30 4 24 8 

BSB 125 13 a5 57 7 519 46 0 40 2 35 0 30 4 26 5 23 2 20 518 2 


BSB 124 12x8 135 129 123 117 III 105 99 8 93 8 87 6 815 75 6 64 7 55 4 

BSB 123 l2y6H 101 94 2 87 3 80 ^ 73 3 66 3 59 5 53 4 48 0 43138 8 319 

BSB 122 12 6 82 0 76 2 70 4 64 5 58 6 52 8 47 3 42 3 37 9 34 0 30 6 25 0 

BSB 121 12x5 52 3 46 8 41 3 36 0 31 2 27 1 23 6 20 6 18 2 16 I 
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JOIST STANCHIONS 

Dimensions and Properties 



y 


Si/c 

dyh 

inches 

WeiGht 

per 

foot 

in 

pounds 

Area 

in 

square 

inches 

Standard 

Thicknesses 

Radii of 

G> ration 

Moduli of 
Section 

Bending Stress 
Coefficients 

Web 

Flange 

Axis 

V 1 

Axis 

x-x 

Axis 

y-v 

Axis 

x-x 

Axis 

y 1 

Axis 

X- X 

24 


95 

27 94 

57 

1 01 1 

I 50 

9 52 

16 68 

21 1 09 

793 3 

125 0 

22 

7 

75 

22 06 

50 

834 

1 36 

8 72 

II 73 

IS2 44 

726 6 

113 3 

20 

7i 

89 

26 19 

60 

1 010 

1 55 

7 99 

16 68 

167 29 

665 8 

129 1 

20 ^ 


65 

19 12 

45 

820 

1 31 

801 

10 02 

122 62 

667 5 

109 1 

18 - 

8 

80 

23 53 

50 

950 

1 72 

7 41 

17 36 

1 ^3 56 

6175 

168 1 

18 

7 

75 

22 09 

55 

928 

1 45 

7 22 

13 30 

127 91 

601 6 

121 4 

18 

6 

55 

16 18 

42 

757 

1 2i 

721 

7 88 

93 S3 

600 8 

100 8 

16 

8 


22 06 

48 

938 

1 76 

6 64 

17 08 

121 74 

553 3 

191 6 

16 

6 

62 

18 21 

55 

847 

1 22 

6 31 

9 05 

90 63 

525 8 

101 6 

16 

6 


14 71 

40 

726 

1 24 

6 48 

7 49 

77 26 

540 0 

103 3 

15 

6 

45 

13 24 

33 

655 

1 23 

6 10 

6 62 

65 59 

508 3 

103 5 

15 

5 

42 

12 36 

42 

647 

98 

5 89 

4 72 

57 13 

490 8 

81 6 

14 

8 

70 

20 59 

46 

920 

i 80 

5 85 

16 67 

100*80 

487 5 

215 6 

14, 

6 

57 

16 78 

50 

873 

1 29 

5 64 

9 31 

76 19 

470 0 

124 3 

14 

6 

46 

13 59 

40 

698 

1 26 

5 7! 

7 15 

63 22 

475 8 

1 17 2 

13 

5 

35 

10 30 

35 

604 

1 03 

5 25 

4 33 

43 62 

437 5 

85 8 

12 

8 

65 

19 12 

43 

904 

1 85 

5 05 

16 30 

81 30 

420 8 

231 2 

12 

6 

54 

15 89 

so 

883 

1 33 

4 86 

9 43 

62 63 

405 0 

148 1 

12 

6 

44 

13 00 

40 

717 

1 30 

4 94 

7 37 

52 79 

411 6 

140 8 

12x5 

32 

9 45 

35 

550 

1 01 

4 84 

3 88 

36 84 

403 3 

88 5 


the B,ihsh ( n^tnutiLual ^teeluork As<^ociatwn 
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SAFE CONCENTRIC LOADS 
FOR 

EFFECTIVE HFIGHTS IN 

IN TONS 

FEET 


-ii 

5 6 7 8 9 10 11 1 

12 13 14 16 18 


BSB 120 10x8 130 125 120 IH 109 104 995 944 89 3 84178 9 73 7 63 6 54 3 

BSBII9 10 V 6 907 857 807 75 7 706 65 5 60 5 554 50 3 45 4 408 367 29 8 24 5 

BSBII8 10x5 649 600 55 I 50 I 452 40 3 35 3 308 269 23 5 206 182 

BSB 1 17 10x4^ 52 4 47 9 43 3 38 8 342 29 6 254 218 188 16 3 14 2 124 


BSB 116 9 x7 116 III 106 101 960 908 85 6 804 75 2 69 9 64 7 59 5 500 42 0 

BSB 115 9 x4 424 380 33 6 29 2 248 208 17 5 148 12 5 108 

BSB 1 14 8 X6 79 6 75 3 70 9 66 6 62 2 57 9 53 5 49 I 44 7 40 5 36 5 32 8 26 7 22 0 

BSB 113 8 xS 61 4 57 I 52 7 48 4 44 0 39 7 35 3 31 I 27 3 24 0 21 I 18 7 14 9 


BSB 112 8 /4 36 2 32 4 28 6 24 7 20 9 17 5 14 7 12 4 10 5 9 0 

BSB III 7 x4 32 8 29 5 26 2 22 9 19 6 16 5 13 9 118 10 0 8 6 

BSB no 6 /S 54 7 50 8 46 9 43 I 39 2 35 3 31 4 27 7 24 3 21 3 18 8 16 6 13 2 

BSB 109 6 / 4M22 38 7 35 1 31 5 27 9 24 3 21 0 18 0 15 5 13 5 II 8 103 


BSB 108 6 x3 22 I 18 9 15 6 12 5 10 0 8 1 6 6 

BSB 107 5 X4i 43 2 39 9 36 7 33 5 30 3 27 0 23 7 20 7 18 I 15 8 13 9 12 3 

BSB 106 5 > 3 20 8 18 0 15 I 12 3 9 9 8 0 6 6 5 5 

BSB 105 41 -- If 8 1 5 5 3 8 


BSB 104 4 X3 187 162 13 6 II I 8 9 7 2 5 9 4 9 
BSB 103 4 ■■ If 6 0 4 0 2 8 
BSB 102 3 x3 16 3 14 2 12 1 10 0 8 2 6 7 5 5 4 6 
BSB 101 3 ''If 4 3 2 8 


Tahlis riprodiueil by p trims i n uni ntrie \ >/ 
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Silt 

d\b 

inches 

Wcighi 

per 

foot 

in 

pounds 

Area 

in 

square 

inches 

Standard 

Thicknesses 

Radii of 
Gyration 

Moduli of 
Section 

Bending Stress 
CoefRcients 

Web 

Flange 

Axis 

y-y 

Axis 

x~x 



Axis 

Axis 

x-x 

10/8 

55 

16 18 

40 

783 

1 84 

All 

13 69 

57 74 

351 6 

230 0 

10/6 

40 

II 77 

36 

709 

1 36 

4 17 

7 25 

40 96 

347 5 

168 1 

10/ 5 

30 

8 85 

36 

552 

1 05 

4 06 

3 89 

29 25 

338 3 

1122 

10 

25 

7 35 

30 

505 

94 

4 08 

2 88 

24 47 

340 0 

91 2 

9 a7 

50 

1471 

40 

825 

1 65 

3 76 

II 48 

46 25 

3133 

206 2 

9 > 4 

21 

6 18 

30 

457 

82 

3 62 

2 07 

18 03 

301 6 

78 3 

8 /6 

35 

10 30 

35 

648 

1 38 

3 34 

651 

28 76 

278 3 

172 5 

d X5 

28 

8 28 

35 

575 

1 II 

3 29 

4 08 

22 42 

274 1 

138 7 

8 /4 

18 

5 30 

28 

398 

81 

3 24 

1 75 

1391 

270 0 

84*3 

7 x4 

16 

4 75 

25 

387 

84 

2 89 

1 69 

II 29 

240 8 

97 2 

6 5 

25 

7 37 

41 

520 

1 M 

2 44 

3 64 

14 56 

203 3 

138 7 

6 > Ai 

20 

5 89 

37 

431 

96 

2 43 

2 40 

II 57 

202 5 

120 0 

6 X3 

12 

3 53 

23 

377 

64 

2 44 

97 

7 00 

203 3 

69 1 

5 > Ai 

20 

5 88 

29 

513 

1 06 

2 06 

2 93 

1001 

171 6 

132 5 

5 X3 

II 

3 26 

22 

376 

67 

2 05 

97 

5 47 

170 8 

82 9 

4Jxli 

65 

1 91 

18 

325 



*30 

2 83 

156 6 

30 8 

4 > 3 

10 

2 94 

24 

347 



88 

3 89 

135 8 

83 7 

4 X IJ 

5 

1 47 

17 

239 

36 

1 58 

*21 

1 83 

131 6 

34 5 

3 a3 

85 

2 52 

20 

332 



83 

2 54 

102 5 

87 5 

3 

4 

1 18 

16 

249 


■ 

17 

1 II 

99 1 

37 0 
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Examples on Steel Columns 

(i) Calculate the safe axial load for a mild steel column of solid 
circular section^ 5 ins, diameter, having an effective length of 10 ft, 

5 ins. 

Least r = - = = 1-25^ 

4 4 

/ = 10' 5" = 125" 

/. - = — ^ = 100. 
r 1*25 

The working stress corresponding to this value of the slender- 
ness ratio — 4*1 tons per sq. inch. 

Sectional area of column = ^ ; 

4 4 

= 19-64 sq. ins. 

/. Safe axial load = (4-1 x 19*64) tons 
= 80*52 tons. 

(ii) The safe axial load for a joist column (i.e, a B,S.B, section 
used as a column) 12" X 8" x 65 lb,, for an effective height of 12 ft,, 
is given on page 290 as 99-8 ions. Taking the necessary properties 
from the table on page 291, check the safe load given. 

On page 291 we find the least radius of gyration for the column 
section (axis YY) to be 1*85 ins. 

. / _ (12 X 12); _ 

"r 1-85'' 

This value lies between the tabular values ' 70 * and ' 80.' We 
must therefore * interpolate ' to find the working stress corre- 
sponding to the given - value. 


I 

r 

70 

Difference 10 


Difference 


Working Stress 
5*6 tons/in.*. 

5:^ 

*5 


7-84 


= ^ X 7 84 = -392 tons /in.’ 


I 


The rise from 70 to 77 84 in - value means a drop of *392 

tons/in.* below the 5*6 tons/in.’ stress value. 

Note. — A ll calculations are based on the table on page aSg. 
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If 77-84. the working stress = (5-6 - -392) tons/in.* 
= 5*21 tons/in.*. 

The property tables (page 2gi) give ig-T2 sq. ins. as the area of 
the section. 


Safe axial load — (5-2 x i()-i2) tons 
99*6 tons. 

This agrees with the tabular value. 

(iii) A joist column, 10" x 5" X 30 Ih., has an actual length of 
II ft. The end fixture is such that the effective length is -875 times 
the actual length. The least radius of gyration for the column 
section is 1*05 ins. and the area of section ~ 8-q in.- Calculate the 
safe axial load for the column. 

RffectivT column length = (11 x' 12)" ^ -875 

115-5 

/ 115-5" 

- - TT ~ 1 

r 1*05 


For this value of the working stress = 3-7 tons/in.*. 

Safe axial load := (37 x 8-85) tons 
= 3275 tons. 


(iv) A column of effective length 7' 8" has to support an axial 
load of 100 ions. Select a suitable joist-column seciion from the 


list given below. 


(1) 12' 

(2) 10' 

(3) 10' 


Size 

X 5" X 32 lb. 
X 8" X 55 » 
X 6" X 40 „ 


Try section No. 1 : 


i-oi' 


Sectional 

Area 

9*45 sq. ins. 

i6‘i8 

11-77 .. 

91*1. 


Least Radius 
of Gyration 
i-oi ins. 

1-84 „ 
1-36 


By interpolation : 

/ 

r 

90 

100 


Fa tonslin.* 

4-6 

4-1 


Difference = lo Difference = -5 


S M TO' 
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Difference = i-i Difference = X i*i = *055 tons/in. 2. 


for 91*1, Ffl = (4*6 — -055) tons/in.* = 4*545 tons/in. ^ 

Safe axial load = (4*545 X 9*45) tons = 42*95 tons. 

This section is therefore unsuitable. 

Try section No. 2 : 


50. 


92" 
r 1*84" 

Fa = 6*6 tons/in. 

Safe axial load = (6*6 x 16*18) tons = io6*S tons. 
This section is suitable. 

It will be found that section No. 3 is not suitable. 


Timber Posts and Struts* 

The method of calculation of the safe axial load for a timber 
post or strut is given in the London Building (Constructional) 
By-laws, 1952. The tables given are published by kind permission 
of the L.C.C. 

In the by-laws the maximum permissible compressive stress, 
in lb. per sq. inch, for axially loaded posts and struts is dependent 
upon the lesser of (i) the ratio of the effective length of the member 
to the least radius of gyration (l/k) or (ii) the ratio of the effective' 
length to the least lateral dimension (l/b). Part (ii) above apjdies 
only to posts and struts of solid rectangular cross section. Tlu' 
following limits are laid down : 

The value of ' Ijk' must not exceed 200 and that of ‘ I/b ' must not 
exceed 58. 

As will be seen in the table given (Table XXVIII in the L.C.C. 
By-laws), there are two classes of timber referred to : Class A 
and Class B. 

Structural timber shall be either : 

(a) Douglas fir (coast) {Pseudotsuga taxifolia Brit.), Longleaf 
pitch pine [Pinus palustris Mill.), or Shortleaf pitch pine {Pinus 
echinata Mill.) which for the purpose of these by-laws shall be 
known as class A timbers ; or 

(b) Canadian spruce (Picea glauca Voss.), European larch 
(Larix decidua Mill.), Red pine {Pinus resinosa Alt.), Western 

* Reproduced, by permission and courtesy of L.C.C., from London Building 
(Constructional) Bydaws, 1952. 
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hemlock [Tsuga heterophylla Sarg.) or Whitewood {Picea abies 
Karst.), which for the purpose of these by-laws shall be known 
as Class B timbers. 

Table XXVIII 


Maximum permissible compressive stress in posts and struts in lb. per sq. inch. 


Ratio of Effective 
Length to 

Class of Timber. 

Ratio of Effective 
Length to 

Class of Timbei. 

Least radius 
of gyration. 

m) 

Least lateral 
dimension. 

m 

A 

B 

Least radius 
of gyration. 

m) 

Least lateral 
dimension. 

m 

N 

n 

0 

0 

1,000 

800 

80 

23 

700 

360 

10 

3 

q8o 

785 

90 

26 

610 

490 

20 

6 

960 

770 

100 

29 

530 

420 

30 

9 

940 

750 

120 

35 

^oo 

i 320 

40 

II 

910 

730 

140 

40 

310 

1 250 

50 

* 14 

870 

700 

160 

46 

240 

190 

bo 

17 

830 

660 

180 

52 

200 

160 

70 

20 

770 

620 

200 

_ „ 

160 

130 


The maximum permissible compressive stress for intermediate values of Ijk or 
I lb shall be obtained by interpolation betwc'cn the two iieaie^t stresses for the 
class of timber used. 

Fig. 340. 


Effective Length of Posts and Struts (Timber) 

The importance of end fixture on the ' effective len^^th ’ of steel 
columns has been considered earlier in the chapter. Table XXIX 
below is extracted from the London Building (Constructional) 
By-laws, 1952, by permission and courtesy of the L.C.C., and 
deals with timber posts and struts. 


Table XXIX 

Effective length of posts and struts. 


1 ype of post or stru t 

Lficctive length, where L is the length 
of the post or strut between centre^, of 
restraining members. 

Properly restrained at both ends in position 
and direction ...... 

0-7L 

Properly restrained at both ends in position 
and at one end in direction 

0-851. 

Properly restrained at both ends in position 
but not in direction .... 

L 

Properly restrained at one end in position and 
direction and at the other end partially 
restrained in direction but not in position 

I- 5 L 

Properly restrained at one end in position and 
direction but not restrained at the other end 

2-oL 


Where a post or strut is of a type not specified in this Table, the effective length 
of that post or strut shall be determined to the satisfaction of the district surveyor. 

Fig. 341. 
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It will be noted that ‘ L * in Table XXIX is, in each case, given 
as the length of the post or strut, between centres of restraining 
members. 


Introduction to the Principles of Eccentric Loading 

An eccentric load is one which does not act at the centre of 
gravity of the section of the member. As the increase in stress 
due to the fact of eccentricity is usually very marked, eccentric 
loads are avoided as far as is possible. If unavoidable, the actual 
amount of eccentricity is kept as low as practical requirements 
permit. 

In foundation work it is desirable to have uniform ground 
pressure under the base slab. If several columns are supported 
by one combined grillage, the resultant of the column loads 
should pass through the centre of gravity of the plan outline of 
the grillage. 

In riveted joints, the resultant load carried does not, sometimes, 
pass through the centre of gravity of the rivets in the group. In 
such a case some of the rivets will have to take more than their 
share of the total load. 

In a steel frame, with columns continuing through several 
floors, a floor beam has to be connected either to the web or to 

the flange of the column. The beam 
reaction therefore constitutes an ‘ cc- 
centric load.' 

Theory of Eccentricity 

Fig. 342 shows a short column carry- 
ing a load ‘ W ' which acts at a 
distance * e ' from the centre of 
gravity of the section. If we introduce, 
at the C.G. of the section, two vertical 
forces each equal to ‘ W ' in magnitude 
but acting in opposite directions to 
one another, we do not affect the equilibrium conditions, as the 
two forces introduced merely cancel one another. This pro- 
cedqre, however, enables us to get a clear picture of the real effect 



Fig. 342. — Eccentric Load, 



THE PRINCIPLES OF COLUMN CALCULATIONS 301 

of the given eccentric load. The two forces bracketed together 
(see Fig. 342) form a couple which tends to bend the column. The 
remaining force, acting at the C.G. of the section, tends to crush 
the column. 

We thus have the important result that an eccentric load is 
equivalent to a concentric load together with a bending moment. 

The magnitude of the hypothetical concentric load = ' W ' and 
the magnitude of the bending moment = ' W x e,* i.e. ' eccentric 
load X arm of eccentricity.* 

Stress Produced by an Eccentric Load 

The concentric load portion of the equivalent system will pro- 
duce a direct stress (compressive), uniform in value all over the 
section. 



EccenJbrxfo ^ ^ 1 Ct a/ 

LoclcC IA/* rruOrTz/eruE 


Fig. 343. — Effect of Eccentric Loading. 


The bending moment will produce ' bending stresses,' com- 
pressive and tensile (Fig. 343). The variation of stress over the 
column section due to bending will be similar to that produced 
in a simple beam, i.e. the stress-variation diagram will be a 
straight line. 

It should be noted that the neutral axis for bending passes 
through the centre of gravity of the column section and is at right 
angles to the direction of eccentricity. The compressive stress 
due to the bending moment will occur in the portion of section 
which lies to the same side of the neutral axis as the eccentric load. 
The net stress distribution over the column section is found by 
adding the direct and bending stresses in the manner indicated in 
the following examples. 
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Examples : 

(i) Calculate the safe axial load for a timber post of solid rect- 
angular section, 4 ^^ X 6'", if the length of the post hehveen the centres 
of the restraining members = 8 ft. The post is properly restrained 
at both ends in position and direction and the timber is ' Class A.* 

Least lateral dimension == 4"^. 

Value of * L * in inches = S'" x 12" = gG". 

Effective length of post = 0-7 x L'". 

= -07 x gG" = 67-2". 

Ratio of effective length to least lateral dimension 



Maximum permissible compressive stress. 

From Table XXVIII : 

When ‘ Ijb ' = 14, max, stress = 870 lb. per sq. in. 
„ „ == 17 » » = 830 M „ 


Increase= 3 Decrease = 40 ,, ,, 

For increase in ' l/b ’ of (i6*8 — 14) i.e. 2-8 tlie decrease in max. 

permissible stress = X 2*8^ lb. per sq. inch = 37-33 lb. 
per sq. inch. 

Hence for Ijb = i6*8, max. stress = (870 — 37*33) 

= 832-67 lb. per sq. inch. 
Sectional area of post == 4^^ x b'" = 24 sq. ins. 

Safe axial load = (832-67 x 24) Ib. 

= 19984 lb. 

(ii) A concrete foundation slab 
carries the loads indicated in Fig. 
344. Calculate the maximum pressure 
exerted on the subsoil. Test whether 
there will be any tendency for uplift of 
the slab. 






Total load 
Area of base* 


Fig. 344. — Foundation 
Pressure. 
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If there is an actual concentric load in addition to the eccentric 
load, add the two loads together in computing the direct stress. 


12 + 24) tons 36 

^t.~ = is ""I- 

~ 2 tons per sq. ft. 

Bendini^^ moment — 12 tons x 2 ft. 24 tons feet 
hd^ 3x6x6 
6 ”■ 6 


Direct stress 


Section modulus of slab 


ft.» 


Bending; stresses 


18 ft.«. 
M 
Z 


24 

^ ™ tons per sq. foot. 


Max. stress (i.e. pressure) on foundation at 'A' = (2 + i^) 
tons per sq. foot = per sq. foot. 

Net stress or pressure at ‘ B ' = (2 — ij) tons per sq. foot == 
5 tons per sq. foot. The slab is therefore under no tilting tendency 
as would have occurred if the ' bending iensio 7 i stress ' had ex- 
ceeded the ‘ direct compression stress/ 

(iii) Determine whether the given eccentric load of 10 tons will 
produce tension in the short steel column 
given in Fig. 345. Write doxon the 
niaxiinuni compressive stress. Look up 
the necessary section properties. 

As the eccentricity is at right angles 
to axis * YY/ we require to look up 
the value of * Zyy ’ (page 293). 

Zyy = 3*89 ins.*. Sectional area = 

8-85 sq. ins. 

Direct compressi\’e stress = — 

Area 

Bending moment about ' YY ' axis = Eccentric load X Eccen- 
tric arm 

== 10 tons >. 2 ins. = 20 tons/ins. 



M=/Z 

20 

20 = / X 3-89- ^ = 5-13 tons/in.*. 

This is the maximum tensile stress produced by the bending 
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moment. Hence there will be a net tensile stress of (5*13 — 1-14) 
tons/in. 2 = 3-99 tons/in. ^ 

The maximum compressive stress will be 

(1*14 -f 5*13) tons/in. 2 6*27 tons/in,*. 

This example illustrates the marked effect of eccentricity of 
loading on the \’alue of the maximum compressive stress when the 
eccentricity is with respect to the ‘ YY ’ axis in joist columns. 

Further Application of the Theory of Eccentricity 

The problem of rectangular sections under eccentric loading is 
very important in masonry work. Formulce may be derived to 
obtain the maximum stresses without all the detailed working 
given in the foregoing examples. Such formulae are considered 
in Chapter XV. 

Exercises i;> 

All calculations to he made, u hne necessary, by use of the section tables on pages 290 to 293. 

(1) Calculate the valuf' of the least radius of gyration in each 

of the following cases : (i) a solid circular section, 4^" dia., (ii) a 
rectangular section, 4*^ x 3", (iii) a B.S.B. section, 10'' X 8" x 
55 fb. (I^x -■ 288-69 ins.*, lyy “ 54*74 A i6-i8 ins. 2), 

(iv) a B.S.B.-tyj)e section, flanges b*' wide x i*" thick, web thick- 
ness y, overall de[)th ^ 12*". 

(2) Calculate the slendiTiicss latio of a column of 9 ft. effccti\e 
length if the section of the column were (i) a circle 6" dia., (ii) a 
B.S.B. section 14" X 8*^ x 70 lb. (^xx- 5*85 ins., ryy ^i-8oins.). 

(3) Obtain the safe axial load for a joist pillar section, 16'' x 8' 
X 75 lb., if the effective height is 12 ft. Look up the necessary 
section properties and ‘ value. 

(4) Find the maximum permissible effective length for a 12" x 
(V' X 44 lb. joist pillar, which has to carry an axial load of 38 tons. 
Least * r ’ for section — 1-30 ins., sectional area = 13 sq. ins. 
The following table is provided : 

- Permissible Stress 

r 

120 . . . . .3*3 tons/in.*. 

130 2-9 „ 

140 . . . . ‘ . 2-6 ,, 
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(5) A column has to support an axial load of 100 tons. The 
actual height of the column is 14' 8". The effective length of 
the column is to be taken as 75 the actual height. Find which 


I 
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1 1 ' 
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lit. ^^6. 


of the following sections would b(‘ most suitable : 12" >: 8" x 
(>5 lb., 14" 8" < 70 lb., 18" 7 8" > 80 lb. The necessary 

section properties and the appropriate working stress must be 
looked up (pages 291 and 289). 

(6) Calculate the maximum and minimum compressive stresses 
in the eccentrically loaded short masonry pillar shown in Fig. 346 
(Neglect self-weight of pillar.) 

(7) In the cast* of the eccentrically loaded short joist column 
given in Fig. 347, show that the compressive stress varies from 
4 tons/in. ‘ to zero. 

The column-section properties are ! 

Zxx = 63*2 ins.*, Zyy = 7 *i 5 i^is.*, A = 13*59 sq. ins. 

Sketch the stress-variation diagram for the column section. 

(8) Idg. 348 shows a short masonry pillar with foundation slab. 
Taking the conditions given in the figure, calculate the foundation 
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±b 

jodst co/unnrt 



I /2 *64- ions 


Fig. 347. 


/OCons 


pressures at ‘ A ’ and ‘ B ' resp(Ttively. The density of llie 
masonry is 130 lb. per cu. foot. 

(Treat the self-weight of the ])illar 
and base as a concentric load on the 
foundation.) 

(9) A lo"' X 8" X 55 lb. joist column 
has the following properties of section : 

Sectional area — i6-i(S s(). ins. 

5774 

A load is carri(‘d on the ' VY ’ axis 
of the section at an eccaaitricitv of a" 
with respect to the ‘ XX ’ axis, ('al- 
culate the maximum value* of ‘ a ’ if 
no tensile stre.ss is to be developed in 
the column. 

(10) Calculate the necessary diameter 
for a short, circular conende column 
which has to support an axial load 

of 21 tons. The working com])ressive stress in the concrete is 
600 Ib./in.^ 

(i) Assuming ‘ hi ’ for the concrete* to be 2,000,000 lb. /in.-, find 
how much the designed column will .shorten on a length of 12". 

(ii) Compute the safe load for the column if the load weae* 
placed at a distance of i" from the centre of the column section. 

(11) Fig. 349 shows a joint between two adjacent voiissoirs in 
an arch ring. The resultant thrust between the voussoirs is 
2000 lb. and is positioned as shown in the diagram. The joint 
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AB is 24 long and the joint carries the given thrust for 12" 
thickness of arch ring. Calculate the maximum compressive 
stress at the joint. 

[Resolve the thrust normally to the joint ‘ AB.' Treat as an 
eccentric load, acting on an area of breadth 12" and depth 24*.] 


(6s ocr/t 0 / CLrc/t. 



Fig. 349. 



CHAPTER XIV 


CALCULATION METHODS FOR LOADED FRAMES 

In this chapter an introduction will be made to the calculation 
of the member forces in a loaded frame. The calculation method 
is sometimes to be preferred to the construction of a stress 
diagram. 

Method of Sections 

Consider the truss shown in Fig. 350 to be cut through at the 



Fig. 350. — Method of Sections. 


section plane ' SS/ and the portion to the right of the plane to 
be removed. 

In order to prevent collapse of the truss certain forces ' 

‘ Fj/ and ' Fj ' will have to be introduced. These forces are 
assumed to act in the direction of the lengths of the respective 
members. 

3o» 
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In the uncut state the hatched portion of the truss was in 
equilibrium under the action of the external forces * Rl/ * 

* Wg/ ‘ W3/ and forces exerted on it by bars (i), (2), and (3) at 
the imaginary section plane ' SS.' The forces ' Fj/ ‘ Fg/ and 
' Fg * which we have to substitute for the respective member 
forces — to maintain equilibrium when the cut is actually made 
in the truss — will therefore be equal to these member forces. 

We may regard the hatched portion of the truss as being a 
solid body acted upon by seven forces, viz. ' Rl,' ' Wj,' * Wg,’ 

‘ W3,’ ' F^,' ' Fg,' and ' F3 ' in such a way as to maintain equili- 
brium. The laws of equilibrium may now be employed to 
deduce the magnitudes of the unknown forces. 

The usual method of solution of an example such as that given 
in Fig. 350 is to employ the ' principle of moments.' The method 
of calculation is then sometimes referred to as the ‘ method of 
moments.* 

Method of Moments 

The section plane ' SS ' is positioned to cut the member whose 
force is required and not more than two others. The plane need 
not be vertical — it merely indicates the member forces involved 
in the calculation. No measurements are actually made to any 
point in the section plane. 

Rule. — To find the force in any given- member of the three cut by 
the plane, take moments about the intersection point of the other two 
members. 

By this procedure only one unknown member force will appear 
in the ' moments equation.' 

Struts and Ties. — The determination of ' struts ' and ‘ ties * in 
the calculation method is effected as follows : 

Place arrow heads, indicating the assumed sense of the respec- 
tive member forces, on the force lines. These arrows should be 
placed on the side of the plane away from the portion of truss 
being considered, i.e. to the right of the plane in the example shown 
in Fig. 350. If the chosen arrow-head direction is incorrect in 
the case of any particular member, the numerical value of the 
force obtained for that member will be prefixed by a negative sign 
when the * moments equation ' is solved. The arrow head in 
such a case must be reversed. If (and after the possible reversal 
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just indicated) the arrow head point towards the section plane, 
a thrust is indicated and the member is a * strut.* If, on the other 
hand, the arrow head point away from the plane, thus indicating 
a ' pull,* the particular member is a ' tie.* The numerical value 
of the force in any member is not affected by an incorrect estima- 
tion of the proper arrow-head sense. 

Note. — Having drawn-in the section plane, and having decided 
to consider the portion of the truss, say, to the left of the plane, 
completely ignore all external loads on the truss to the right of 
the plane. 

Example (i). — Calculate the force in each of the members marked 
(i), (2), and (3) respectively in the given roof truss {Fig. 351). State 
whether the respective members are struts or ties. 



Fig. 351. — Calculation of Member Forces. 


The members given in the question may be solved by introduc- 
ing a section plane ' SS.' 

Member (i). — To find the force in member (i) we have to take 
moments about the intersection point of members (2) and (3), 
i.e. the mid-point of the bottom tie (see Fig. 351, bottom left 
diagram). Only the external loads which act on the portion of 
truss to the left of the section plane are considered. 

(F^ X 6) -f (1000 X 6) + (500 X 12) = 2000 X 12 
6F1 + 6000 + 6000 = 24000 
6Fj = 12000. /. Fi = 2000 lb. 

The nximerical answer is positive. This indicates that the 
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arrow-head direction chosen for member (i) is correct. As the 
member exerts a thrust on the section plane, it is a strut. 

Member (2). — To find this member force, moments are taken 
about the intersection point of members (i) and (3), i.e. the 
left-end reaction point of the truss (see top right-hand diagram). 

Fg X 6 = 1000 X 6 
Fg == 1000 lb. 

The answer is positive, hence the arrow is correct and the 
member is a ' strut.* 

Member (3). — Moments are taken this time about the mid- 
point of the left rafter of the truss, this being the point in which 
member (i) cuts member (2) (see lower right-hand diagram in 

Fig- 351)- 

(Fj X 3-46) + (500 X 6) = 2000 X 6 
3*46F3 = 9000. /. F3 = 2600 lb. 

Member (3) is a tie. 

The * arms * of the respective moments, in the foregoing calcula- 
tions, may be obtained by direct measurement on a scale drawing 
of the truss or by trigonometrical calculation. The results which 
would be obtained by drawing a stress diagram for the truss 
would, of course, agree with those obtained by the calculation 
method shown. 

The ' method of sections * may be used to find the forces in cer- 
tain specified members of a frame without the trouble of having 
to construct a stress diagram. The calculation method may be 
used to check and confirm a member-force value obtained by a 
graphical method. 

In some cases it is not possible to complete a stress diagram by 
the usual procedure. Completion may often be effected by 
calculating one member of the frame, employing a suitable 
' section plane ' (see page 145). 

Example (ii). — Calculate the force in the member marked by a 
cross in the truss given in Fig. 352. 

' SS ’ is a section plane cutting the given member and two 
others. The two latter members intersect at the left-end reaction 
point of the truss, hence this is the point about which moments 
must be taken. 




Let ‘ F ’ lb. = force in the given member. 

The * arm ' of the moment = lo ft. 

F X 10 = 600 X 7*32 ft. 

[7-32 ft. is the horizontal distance from the left-end reaction 
point to the vertical line of action of the 6oo-lb. force.] 

F = 439*2 lb. 

The arrow head being correct, the member is a strut. 

The reader may check the accuracy of the answer by drawing 
a stress diagram for the truss. 

Example (iii). — Obtain the forces in members marked *C * and 
* D ' respectively in the cantilever-truss example given in Fig. 353 



Fig* 353- — Cantilever Truss. 
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The ' method of sections * must be used. Find also, by any calcula^ 
tion method, the forces in members ‘ A ' and ' B,* 


Member * C* ! 

Section plane ' SS * cuts member ' C * and two others. The 
two other members intersect at the lower reaction point. 

Taking moments about this point, the force in member ‘ C ' 
has an ‘ arm * of (10 sin 30°) ft. = (10 x i) ft. = 5 ft. 

(Fo X 5) == (1000 X 5) + (200 X 5) + (500 X 10) 

5F0 = 5000 + 1000 + 5000 
= I 1000 
Fo == 2200 lb. 

The arrow head has been correctly placed on member ‘ C ' as 
the answer is positive, hence member ' C ' is a tie. 

Member * D* i 

In this case the two remaining members intersect at the extreme 
left point of the truss. 

The arm for ' Fd ' = 10 sin 30® = 5 ft. 

Fd X 5 = (1000 X 5 ) + (200 X 5 ) 

Fj) = 1200 lb. 

Member ' D ' is a strut. 


Member * A' : 

‘ F^ ' is easily found by vertical resolution of the forces acting 

at the left end of the truss. 

F^ cos 60® = 500 

500 500 „ 

= -z o = “T- = ^000 lb. 
cos DO® J 


Fa = 


Member ' A ' is clearly a ‘ tie ' as it must have an upward 
vertical component at the bottom end. 

Member ‘ B.' — By horizontal resolution : 


F^ cos 30® = Fb 
Fb = 1000 X *866 = 866 lb. 


Member ' B * is a strut, as it clearly must push to the left to 
balance the effect * F^ ’ has towards the right. 

Member ' AJ — We could have found ' F^ ' by a * moments* 
method. Imagine a vertical section plane cutting members ' A ' 
and * B.' If a ' fulcrum ' be chosen on member ' B,' this ' mem- 
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ber force ’ will vanish from the ‘ moments equation.' A con- 
venient point is the mid-point of the bottom member of the frame. 
The ‘ arm ’ of the moment for ‘ ' will be 2-5 ft. (= 5 sin 30°). 

Fa X 2-5 = 500 X 5 
= 1000 lb. 

Similarly Fg could be found by taking moments about any 
convenient point on member * A.* 


Braced Girders with Parallel Flanges 



Example, Culculutc the fotcc in each ntembet of the btaced 
girder shown in Fig, 354. 

The first step is to number the members in the order in which 
they are going to be solved. We will calculate the members in 
the following order : (i) diagonal members, (ii) horizontal members, 
(iii) vertical members. 

Ri* X 40 = (5 X 40) + (6 X 30) + (12 X 20) + (10 X 10) 

Rl ”= 18 tons. 

Rb X 40 == (4 X 40) + (10 X 30) + (12 X 20) + (6 X 10) 

Rr = 19 tons. 

Diagonal Bars 

Bar (i).— Imagine a section plane ' SS * cutting bar (i). The 
portion of the girder to the left of the section plane is in vertical 
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equilibrium under the action of (i) the reaction (18 tons) vertically 

upwards, (ii) the external load (5 tons) vertically downwards, and 

(iii) the vertical effect of the force in bar (i) (see Fig. 354, bottom 

left diagrams). The total external load which bar (i), when 

resolved vertically, has to balance is (18 — 5) tons = 13 tons, i.e. 

the shear force in the panel in which bar (i) is the diagonal. The 

force in bar (i) must be more than ‘ 13 tons,* so that when resolved 

vertically it equals the necessary * 13 tons.* From the vector 

j. 13 tons . o 

diagram, — = sm 45® 

tons, (sin 45- = 

We may term ‘ V2 * in this case the ' reduction coefficient * for 
reducing ' shear force values * to corresponding ' inclined bar 
forces,* The coefficient depends simply upon the slope of the 
inclined bar. If the inclination be ‘ 6 * to the horizontal, the 

reduction coefficient = If the girder dimensions are given, 

sm 0 ^ 

j X- 4CC • 4L Length of diagonal 

the reduction coefficient = — • 

Height of truss 

Rule. — To find the force in any inclined member, multiply the 
shear force in the corresponding panel by the appropriate reduction 
coefficient. 

Bar I. Fj = S.F. x a/2 (18 — 5) V2 tons 

= 13 a/ 2 tons (tie). 

„ 2. Fg = S.F, X a/2 = (i8 — 5 — 4 — 2)\/2 tons 

7 a/ 2 tons (tie). 

,, 3. Fg ™ S.F. X a/2 — (19 — 4-— 8 — 2) a/ 2 tons 

= 5 a/ 2 tons (tie). 

„ 4. F4 = S.F. X A/2 = (19 — 4) a/ 2 tons 

= 15 a/ 2 tons (tie). 

Horizontal Bars 

Fig. 354 (top right-hand diagram) shows what ' bar 6 * does to 
prevent collapse of the truss. ‘ Bar 6 * must exert sufficient 
thrust to prevent the girder failing by turning about the opposite 
joint in the lower flange. The joint concerned is the one in 
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which the diagonal in the panel meets the lower flange of the 
girder. For equilibrium of the hatched portion of truss : 

(Fe X lo) + (5 X lo) = i8 X 10 
Fe + 5 = 

Fg = 13 tons. 

' Bar 6 ' is obviously a strut. 

To solve ' bar 7/ moments are taken about the opposite joint 
in the top flange, i.e. where the ' 4 tons ' load acts. The reader 
must get accustomed to ' visualising ' the portion of truss con- 
cerned in the ‘ moments * equation without having to draw a 
number of separate diagrams. Until familiarity with the 
method is acquired, the necessary sketch diagrams had better be 
constructed. 

Bar 5. As there is no other horizontal force at the left-end 
reaction point, there cannot be any force in bar 5, i.e. F5 = 0. 

Bar 6. F^ == 13 tons (as above). Strut. 

Bar 7. (F, x 10) + (5 X 10) = 18 x 10 

F7 = 13 tons. Tie. [' Bar 7 ' must pull.] 

Bar 8. (Fg x 10) + (4 X 10) + (2 x 10) + (5 X 20) = 18 x 20 

Fg + 4 + 2 + 10 = 36 

Fg = 20 tons. 

' Bar 8 * is a strut. 

Bar 9. (Fg x 10) + (4 X 10) = 19 x 10. 

[Note the ' 8 tons ' and ‘ 2 tons ' pass through the 
fulcrum.] 

F, + 4 = 19 

Fg = 15 tons. ‘ Bar 9 ' is a tie. 

Bar 10. Fjo = Fg by horizontal equilibrium requirement at top 
of ‘ bar 15.’ Bar 10 is a strut. Force = 20 tons. 

Bar II. Fjj = 0 (as for ' bar 5 ’). 

Bar 12. (Fj2 X 10) + (4 X 10) = 19 X 10 

Fi2 + 4 = 19 

Fi 2 = 15 tons. ' Bar 12 ' is a strut. 

Vertical Members 

The vertical members are solved by considering vertical 
equilibrium at one end of the member. Having decided which 
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end to take, do not pay any attention to any external loads which 
may act at the other end of the member. 

Bar 13. Consider bottom end. 

Fi 3 = 18 tons (stmt). 

Bar 14. Bottom end. 

Fj == 13 V2 tons in the direction of the length of the 
bar. Its vertical upward component = 13 tons 
(i.e. the S.F. in the panel). 

/. Bar 14 must push downwards with a force of ' ii tons/ so 
that with the ' 2 tons ' external load the total downward force = 
13 tons. 

Fi4 = II tons (stmt). 

Bar 15. Top end. 

Fi 5 = 10 tons (strut). 

Bar 16. Bottom end. 

Fig -f 2 = 15 (the upward pull in * bar 4 '), 

Fjg — 13 tons (strut). 

Bar 17. Bottom end. 

Fi 7 = 19 tons (strut). 

Some girder types lend themselves to simple solutions (of 
certain members) by taking special section planes. 

Fig. 354 (bottom right-hand diagram) shows a section plane 
cutting bars * 6/ * 14/ and ‘ 7.' 

Considering the horizontal equilibrium of the hatched portion, 
the only two horizontal forces are ‘ Fg’ and ' F^.’ ‘ F7* must 

therefore equal ‘ Fg' in magnitude. Note that if member ‘ 14 ' 
were not vertical we could not express this equality. 

Acting vertically on the portion of truss considered, there are 
four forces. 

Equating the force acting upwards to those acting downwards : 

Fi 4 + 5 + 2 = 18 

.*. Fi 4 = II tons. 

Clearly, member * 14 ' is a stmt. 

It is possible, thus, to write down the forces in several members 
of the frame by inspection. In examinations the candidate 
should clearly state the principle upon which the solution of a 
given member is based. 

S.M. — II* 
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G ions /O tons S tons 



^ -tp sions ’•’/hstins 

Fig. 355. — Warren Girder. 

Example (ii). — Calculate the force in each bar of the Warren 
girder {Fig. 355). 

Rl X 30 = (6 X 25) + (2 X 20) + (10 X 15) + (I X 10) + 
(5 X 5 ) 

= 375 

Rl = 12-5 tons. 

Re X 30 = (5 X 25) + (i X 20) + (lo X 15) + (2 X 10) -f 

(6x5) 

= 345 

Rg = 11-5 tons. 


Inclined Members 

o j i.- £c. ■ j. Length of inclined member 

Reduction coefincient = ° 

Height of truss 


sin 60 


;ro = 1-155. 


Bar I. Fj = S.F. x 1-155 

= (12-5 X 1-155) tons = 14-44 tons (strut). 

Bar 2. Fj = S.F. x 1-155 

= (12-5 — 6) X 1-155 tons 
= 7-51 tons (tie). 

Bar 3. Fj = S.F. x 1-155 

= (i2-5 — 6 — 2) X i-*i55 
= (4-5 X 1-155) tons 
■= 5-20 tons (strut), 
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Bar 4. (Taking forces from right end.) 

F4 = S.F. X 1-155 

= (ii-5 - 5 - 1 ) X I-I55 
= 6-35 tons (strut). 

Bar 5. Fj = S.F. x i-i 55 

= (II -5 - 5 ) X I-I 55 
= (6-5 X I-I 55 ) tons 
= 7-51 tons (tie). 

Bar 6. Fg = S.F. x 1-155 
= 11-5 X 1-155 

= 13-28 tons (strut). 


Horizontal Bars 

Height of truss = 5 tan 60® = 8-66 ft. 

Bar 7. F, x 8-66 = 12-5 x 5 [Moments about top-flange 
joint where the 6 tons load acts.] 

F7 = 7-22 tons (tie). 

Bar 8. (F* x 8-66) -j- (6 x 5) = (12-5 x 10) 

8-66F8 = 95 

Fg = 10-97 tons (strut). 

Bar 9. (Fg x 8-66) -f- (2 X 5) -f- (6 X 10) = (12-5 x 15) 

8-66F9 -f 10 + 60 = 187-5 

Bar 10. (Fio X 8-66) -f- (5 x 5) = “’S X 10 

8-66F10 — 90 

Fjo = 10-4 tons (strut). 

Bar II. Fii x 8-66 = 11-5 x 5 

Fjj = 6-64 tons (tie). 

Example (iii). — Calculate the force in each of the bars marked 
'A' ‘B’ ‘C,’ and ‘D ’ in the loaded frame given in Fig. 356. 

The inclination of the sloping members is not given in degrees 
in this example. The length of each diagonal member = 

Va* + 4’ = 5 ft. 
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1 

4 - 

J 

/ac f9c 

Fig. 356. — Symmetrically Loaded Frame. 

Bar A : 

j . . . Length of diagonal 

Reduction coefficient = n — 7 — 

Height of girder 

5 ft* 

= tij; - 

== S.F. X 1-25 = (18 X 1-25) cwts. = 22'5 cwts. 

If we imagine a section plane vertically through member ' A ' 
and consider the equilibrium of the girder to left of the plane, it 
will be clear that member ' A ' must be pushing on the section 
plane, hence it is a strut. 

In the usual case of a braced girder, i.e. one in which the loads 
are not very unsymmetrically disposed, it will be found that 
diagonal members sloping downwards towards the centre of the 
girder are ' ties ’ and those upwards towards the centre are ‘ struts.* 
When a girder has to carry a live load which passes on to and off 
the girder, some diagonal members may be called upon to act 
as both ' struts * and ' ties * — according to the position of the load. 
Bar B : 

Considering equilibrium at the top end of the bar, Fb = 2 cwts. 
The bar is a strut. (Do not worry about the bottom end.) 

Bar C : 

Taking moments about the mid-point of bottom flange 1 
(Fc X 4) + (2 X 3) + (10 X 3) = 18 X 6 
4Fc + 6 + 30 = 108 
4Fc = 72 
Fo = 18 cwts. 
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In the above ' moments equation * bar ‘ C ' was assumed to 
be exerting a thrust on the left portion of the frame. Hence this 
bar is a strut. When a truss is supported at its ends, as in this 
example, all the top flange members are struts. 

Bar D : 

To solve this bar, moments are taken about the top right-hand 
joint of the frame. Assuming bar ' D * to be pulling on the 
portion of the truss to the right : 

Fd X 4 = 18 X 3 

[The * 2-cwt.’ and * lo-cwt.' loads pass through the chosen 
fulcrum.] 

Fd = 54/4 = 13*5 cwts. 

‘ Bar D * is a tie. 

All bottom flange members will be ties when the frame is 
supported as in the example. 

Example (iv). — Fig. 357 shows a vertical frame carrying wind 
loads. Determine the nature and the magnitude of the forces in the 
respective members (i) by caladation method, (ii) by the construction 
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of a stress diagram. Assuming the left-end reaction of the frame 
to be vertical, determine the frame reactions. 

Only a few members will be solved — the remainder are left as 
an exercise for the reader. The accuracy of the answers may be 
checked by means of the stress diagram. 


Member i ; 

This is a ‘ diagonal ' member and a shear-force * reduction 
coefficient * is required. 

Reduction coefficient = 

o it. 

_ Vb* + 8* 10 _ ^2 

- 6 6 

{Fj = S.F. X Reduction coefficient' 

= (looo X if) lb. = 1667 lb. 

Imagine a section plane to be taken horizontally through 
' member i.* Considering the portion of truss above the plane 
to be in equilibrium and acted upon by * member i ' from below 
the plane, it is clear the member must be pulling on the plane so 
that it may have a component to the left to balance the * 1000 lb/ 
external load. Hence ' F^' is a tie. 

Member 6 .• 

To solve this member moments are taken about the joint in 
which members ‘ 5 * and ‘ 7 ' meet. Member ' 6 ' must pull on 
the top panel to prevent collapse about the stated fulcrum, hence 
it is a ' tie.' 

Fg X 6 = 1000 X 8 


[The ' 2000-lb.' load passes through the fulcrum.] 


/. Fe = 


8000 


lb. = 1333 lb. 


Member 12 ; 

This member could be solved by considering horizontal equili- 
brium at, say, its left end. 

It is readily solved by considering a section plane cutting 
members ' 8,' ' 12 ’ and ‘ 7 ' (inclined at about 60® to the hori- 
zontal). 

Considering horizontal equilibrium of the portion of frame 
above the section plane : 

Fi2 = (2000 + 2000 -f 1000) lb. = 5000 lb. 
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‘ Member 12 ’ is a strut cis it has to push to the left against the 
section plane. 

Member 3 ; 

Fg = S.F. X reduction coefficient 
= (2000 + 2000 -|- 1000) X if lb. 

= (5000 X if) lb. = 8333 lb. 

‘ Member 3 ’ is a tie. 

Bar 13 / 

Consider horizontal equilibrium at the left end of the bar. 

Fij = ‘ Fj ’ resolved horizontally, as the reaction and member 
' 8 ' are vertical. 


' Member 13 ’ is a strut. 


X 3 ^ 

8333 X 6 ^ 

10 


5000 lb. 


Determination of Reactions 

To find ‘ Rj, ’ take moments about the right reaction point. 

Rj^ X 6 = (2000 X 8) 4 - (2000 X 16) + (1000 X 24) 

= 16000 4- 32000 4- 24000 = 72000 
.•. Rl = 12000 lb. 

If ‘ V ’ and ‘ H ’ be the vertical and horizontal components 
respectively of the right-end reaction : 

V = Rl = 12000 lb. 

H = (2000 4- 2000 -f loou) lb. = 5000 lb. 

Rjf* = V* -f- H* = 12000* -f 5000* = 169,000,000 

Rr = 13000 lb. 

i A -iriTT 12000 

tan 0 = V/H = = 2'4 

' 5000 

0 = 67° 24'. 

We may now check ‘ member 13 ’ by considering equilibrium 
at its right end. 

Fis = Rr X cos 0 

= (13000 X cos 67° 24.') 

= 13000 X -3843 
= 5000 lb. 
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Construction of Stress Diagram 

Having drawn the load line ‘ bcde* we note that member ‘ DK * 
has no force in it, hence points ‘ d * and ' k * are coincident. The 
stress diagram is then completed in the manner indicated on 
page 144 for the cantilever-truss example. 

Three Concurrent Member Forces in Equilibrium 

In the graphical method, the vector hnes in a force diagram 
are scaled in order to obtain the required force values. Thus 
we scale the * diagonal * in a parallelogram of forces example. 
As explained on page 13, we could express the value of the 
diagonal in trigonometrical terms. Trigonometry may be 
usefully employed in problems involving three concurrent 
forces in equilibrium. 

Fig. 358 shows a roof truss carrying a vertical load ‘ W ' at the 



Fig. 358 — Lami’s Theorem. 


apex. The corresponding rafter forces are ‘ P ' and * Q.' ‘ W,' 

‘ P * and ' Q ' form a ' triangle of forces,' Assuming the angles 
‘a/ ' P ' and ' 0 ' as indicated, the angles in the triangle of forces 
will be the supplements of these angles, at the respective corners 
shown. Expressing the sine rule, used in the trigonometrical 
solution of triangles, we have : 

W ^ P ^ Q 

sin (180 — 9 )° sin (180 PY ~~ sin (180 — a)°' 
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But the sine of an angle = the sine of its supplement 

. W ^ P ^ Q 
' ■ sin 6° sin ~ sin a°‘ 

Each force is therefore proportional to the sine of the angle 
between the other two. This theorem is known as ‘ Lami’s 
theorem.' 

Examples : 

(i) A weight of 100 lb. is suspended by two chains in the manner 
shown in Fig. 359. Calculate the pull in each chain. 



Let ‘ P ’ and ‘ Q ’ be the pulls in the left and right chains 
respectively. 

100 _ _ Q 

sin 90” ~ sin 150° ~ sin 120® 

... p = 10^ Jin 150® _ 100 _x sin 30® _ ^ ^ 

Sin 90 I N / . 

iOO_x sin IM" _ KO sin^" 

^ Sin 90° I ^ 

[Note : sin 150® = sin (180® — 150®) = sin 30®.] 

(ii) Calculate the pull in the tie and the thrust in the rafter in the 
example given in Fig. 360. 

Let ' S ' == the thrust in the rafter and ' T * = the pull in the 
tie. 

It will be helpful to visualise (or actually draw out) the three 
forces as either all acting towards, or all acting from, the common 
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/SOO U>s 


Fig. 360. — Forces at End of Truss. 


lb. = 2078 lb. 


point of concurrence. An error in the assumed arrow-head direc- 
tions will then be apparent. 

1200 _ T _ S 

sin 150° ~ sin 120® ~ sin 90® 

„ 1200 sin 120® 1200 sin 60® 1200 X -866 ,, „„ 

• X = — ; 5— = — : s — = lb. = 2078 lb. 

sin 150 sm 30 -5 ' 

„ 1200 sin QO® 1200 X 1 1200 „ ,, 

S = — = — : 5- = — lb. = 2400 lb. 

sm 150 sm 30 *5 

The two examples given could have been easily solved by 
resolution method. 

Resolving vertically in the latter example : 


lb. = 2400 lb. 


S cos 60° 


cos 60® 


lb. = 2400 lb. 


Resolving horizontally: 

T = S cos 30° = (2400 X -866) lb. = 2078 lb. 

Lami’s theorem is useful when the resolution is not so simply 
effected as in this example. 

(iii) Calculate the pull in the tie and the thrust in the jib in the 
simple jib-crane example shown in Fig. 361. The resultant pull 
on the jib head is inclined to the vertical. 

Let ‘ S ’ = thrust in the jib and ‘ T ’ = pull in the tie. 

S ^ T _ 2 

sin 82^® sin 157^° sin 120® 

^ 2 sin 82i° _ _ 2 >^-9_9£4 . _ 

sin 120° sin 60° -Shb ^ 


2 sin 157^° _ 2 sin 22 ^® _ 2 x •3827 


sm 120 


sin 60° 


•884 cwts 
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Fig 361. — Solution by Lami's Theorem 

eoo U>s 






Fig. 363. 
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Exercises 14 

(1) Using the method of sections obtain the force in each of 
the members marked ' A/ ‘ B/ and ' C ' in the roof-truss example 
shown in Fig. 362. Distinguish between struts and ties. 

(2) Draw a section plane cutting members * A/ ' B/ and ‘ C ' 
in the truss given in Fig. 363. Calculate the forces in these 
members respectively by considering the equilibrium of the 
portion of the truss : (i) to the left, (ii) to the right, of the section 
plane. 

(3) Find the force in each member of the loaded frame shown 



Fig. 365. 
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in Fig. 364. State whether the respective members are struts or 
ties. Check the calculated values by the construction of a stress 
diagram. 

(4) Obtain, by the method of sections, the force in member 
' A ’ of the truss given in Fig. 365. State whether the member 
is in tension or compression. 

(5) Fig. 366 shows a braced girder with symmetrical loading. 
Calculate the force in each member and state whether ‘ strut ’ 
or ‘ tie.’ Draw up a table of the results. 


4T 4-T zr 



Fig. 366. 
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(6) The cantilever truss given in Fig. 367 carries wind and dead 
loads. Using the method of sections, find the forces in members 
' A,' ‘ B,’ and ‘ C ’ respectively. 

[‘ SS ’ represents a suitable section plane. There will be no 
necessity to compound the dead and wind loads. The moment 
of each load (about the appropriate fulcrum) may be taken inde- 
pendently.] 

(7) Using Lami’s theorem, calculate the force in each of the 
rafters of the truss given in Fig. 368. Verify the results by 
drawing a triangle of forces. 

^00 Ups 

i 


00 

I 1 

Fig. 368. 

(8) Calculate the forces in members ' A ’ and ‘ B ’ respectively, 
in the example given in Fig. 369. Use Lami’s theorem. Verify, 
by resolving vertically and horizontally, that the calculated values 
are correct. 



Fig. 369. 



CHAPTER XV 


GRAVITY RETAINING WALLS 


The pressure which a wall has to sustain may be caused by wind, 
by retained liquid, or by retained earth or other granular material. 

In calculations and formulae concerned with the resultant thrust 
of retained material, it is usual to consider i-ft. length (in plan) 
of the wall. All the forces involved in the stability of a typical 
retaining wall, i.e. one whose vertical section remains constant 
throughout its length, are directly proportional to the wall length. 
It is convenient, therefore, to take i-ft. length as a basis for 
numerical computations. 


— i _> h 

— f r-r-Tf* . 






j 




P *» p/x Chs 




Fig. 370. — Wind Pressurk. 


Wind Pressure 

Let ‘ A ’ ft. = Height of wall (Fig. 370). 

‘ ^ ’ lb. per sq. ft. = Uniform wind pressure. 

‘ P ’ lb. = Resultant thrust per foot length of wall. 

P = /> X (A X i) = lb. 

The wind-pressure diagram being a rectangle, the resultant 

thrust will act at — ft. from the bottom of the wall. 

2 

Overturning moment about base of wall = Force x arm 

== p X - = lb. ft. 

2 2 

Example. — A vertical wall, 6 ft, high, is subjected to a wind 
pressure of uniform intensity, 30 lb, per sq, foot. Calculate, per 

331 
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foot run of wall, (i) the resultant wind thrust, (ii) the overturning 
moment about wall base, 

(i) P = = 30 X 6 = 180 lb. 

(ii) Overturning moment = P x ^ == 180 Ib. x ^ ft. 

= 180 lb. X 3 ft. = 540 lb. ft. 


Liquid Pressure 

The following is a brief summary of some of the properties of 
liquid pressure which will be involved in the type of problem con- 
sidered in this chapter. The liquid in each case is assumed to be 
at rest. 

(i) The intensity of pressure at a given point in a liquid is the 
same in all directions. For example, at a given depth the pres- 
sure is the same horizontally as it is vertically. 

(ii) The intensity of pressure increases uniformly with the 
depth. The pressure- variation diagram will therefore be a straight 
line (see Fig. 371). 

(hi) The value of the pressure intensity at a given point in a 
liquid will be given by the formula : 

Pressure = Density of liquid x Depth of point. 

Let * ^ ' lb. per sq. foot = Intensity of pressure. 

' w' \\), per cu. foot = Density of the liquid. 

* A ' ft. = Depth of point considered. 

/, p = wh lb. per sq. foot. 

Thus at a point 10 ft. deep in water of density 62*5 lb. per cu. 
foot the pressure intensity would be (62*5 X 10) = 625 lb. per 
sq. foot. 

(iv) The direction of pressure of a retained liquid against the 
retaining surface is at right angles to that surface. If a retaining 
wall have a vertical back the resultant liquid thrust will be 
horizontal. 

Magnitude of Resultant Liquid Thrust 

Case (i). — Retaining Wall with Vertical Back. — In Fig. 371, 
the area against which the liquid is pressing per foot run of wall = 
A ft. XI ft. = A sq. ft. The pressure intensity varies from zero, 
at the free surface of the hquid, to a value * wh ' lb. per sq. foot 
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at the bottom of the wall. The pressure varies uniformly and the 
average pressure over the total area ' A ’ sq. ft. will be lb. per 
sq. foot. 

The total thrust per foot length of wall 

= Average pressure x Area under pressure 



If ' P ' represents this resultant thrust, 
P = iwh* lb. 


Position of the resultant thrust : 

The resultant liquid thrust will act horizontally through the 
centre of gravity of the pressure- variation diagram. It will 
therefore act at one-third the depth of the retained liquid from the 
bottom of the wall. 

Example. — The depth of water behind a retaining wall with a 
vertical back is lo ft. Calculate the magnitude of the resultant water 
thrust against the wall per foot run. Obtain the overturning moment 
this thrust produces about the base of the wall. Density of water = 
62*5 lb. per cu. foot. 


P == ^wh"^ 

= I X 62*5 X 10* lb. 

3125 lb. per foot run of wall (see Fig. 371). 


The resultant water thrust 


P ' will act at 


A 


10 ft. 


=- 3 i ft. 


O 
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above the base of the wall. The overturning moment (sometimes 
termed ‘ bending moment ’) about any point on the wall base 

= 3125 lb. X 3i ft. 

= 10416! lb. ft. per foot run of wall. 

Case (ii). — Retaining Wall with Sloping Back. 

Let ‘ ' ft. = slope length of wetted portion of wall in Fig. 372. 



Area of wetted surface per foot run of wall 
= (/ X i) sq. ft. = I sq. ft. 

Intensity of pressure at bottom of wall, i.e. at a vertical depth 
of ‘ A ’ ft. = wh lb. per sq. foot. 


Wft 

As before, the average pressure = — lb. per sq. ft. 

2 

( “wh \ 

— X /j lb. per foot run of waD, 


P = lb. 
2 


Position of resultant thrust . — The resultant thrust will act, at 
right angles to the wall slope, at a point one-third of the length 
‘ I ' measured from the wall bottom up the slope. 

Example. — The back of a retaining wall is inclined at 6o° to the 
horizontal. The depth of water retained is 8' S'". Find the 
resultant thrust on the wall per foot run. 

The slope length of the wetted surface may be obtained by 
measurement of a scale diagram (see Fig. 372) or by calculation. 

^ 1 w ; 8‘66' 8-66' . 

By calculation I = . = -7^ = 10 ft. 

^ sin 60° *866 



GRAVITY RETAINING WALLS 335 

Total resultant thrust = — lb. 

2 

_ ^62-5 X 8>66 X 10 ^ 

= 2706 lb. per foot run of wall. 

The thrust will act at right angles to the wall slope at -Y- ft. = 
3J ft. from the bottom of wall, measured up the wall slope. 

Earth Pressure 

The particles of a granular material, like earth or sand, do not 
move freely amongst themselves when a force, such as the force 
of gravity, tends to produce relative movement. The surface of 
a tipped load of earth may be inclined to the horizontal at a con- 
siderable angle. This is possible because of the ' friction ' which 
exists between the particles. In liquids, the particles of which 
move over one another quite freely without frictional resistance, 
the free surface is always a horizontal plane. 

The existence of friction in granular materials causes differences 
in properties as between liquid and earth pressures. To appre- 
ciate these differences it will be necessary to study some of the 
‘ laws of friction.' 

Friction. — When one body tends to slide over another, the 
resistance to motion which is experienced at the surface of contact 
is termed * frictional resistance.' 



Fig. 373. — Force of Friction. 

As the force ' F ’ (Fig. 373) gradually increases in value from 
zero, the frictional resistance to motion increases just sufficiently 
to prevent motion. When, however, ' F ' has attained a certain 
‘ limiting value* the frictional resistance will be unable to prevent 
the body moving. The value of the frictional resistance when 
motion is about to take place is termed ' limiting friction.' 
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It is found experimentally that two things govern the value of 
' limiting friction ' : (i) the normal reaction between the two 
surfaces in contact, (ii) the nature of the two surfaces. 

Law of limiting friction, — The value of the frictional resistance 
bears a constant ratio to the normal reaction between the two 
surfaces. This ratio is a physical constant for any given pair of 
surfaces in contact. 

Let ' F ’ = the value of the maximum frictional resistance 
* R * = the normal reaction between the surfaces 
(ji = the physical constant referred to above. 

F 

The law states that — = (ji, i.e. F = Rfx. 

K 

' fx ' is termed the ' coefficient of friction * for the two surfaces 
involved. Thus for ‘ wood on wood ' an average value of the 
coefficient of friction would be *35. ‘ (i ' is a Greek letter, and is 

pronounced * mu.' 

It will be noted that the area of the surfaces in contact does 
not affect the frictional-resistance value. 

Example. — A masonry block weighing 100 lb, rests on a wooden 
floor. Assuming the coefficient of friction for masonry on timber to 
he *4, calculate the least horizontal force which will move the block. 

The normal reaction = 100 lb. 

F = Rfx 

= (100 X - 4 ) = 40 „ 

Necessary horizontal force = 40 „ 

Angle of Friction 

When there is no force urging the block forward (Fig. 373), i.e. 
when F = o, the total reaction between the two surfaces in 
contact is normal to the surfaces. But when ' F ' has a small 
value, friction is introduced and the total reaction between the 
surfaces makes a small angle with the normal. When ' F ' 
reaches ' limiting friction ' value, the maximum frictional resist- 
ance is brought into play and the total reaction makes its maxi- 
mum angle with the normal. This maximum angle ' 6 ' is 
termed the ' angle of friction ' .for the particular surfaces in 
contact. 
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It wiU be noted that tan 0 = & = (x, i.e. the coefficient of 
friction is equal to the tangent of the ' angle of friction.’ 






Fig. 374. — Angle or Repose. 


Angle of Repose. — Imagine a big open rectangular box full of 
granular material to be turned upside down suddenly and then 
the box to be removed vertically. The sides of the granular 
mass would begin to crumble down but a stale of equilibrium 
would finally be established (Fig. 374). The angle which the 
surface slope makes with the horizontal in this condition of repose 
is termed the ' angle of repose ' for the given granular material. 
This ' angle of repose ' may be considered to be the ‘ angle of 
friction * for one portion of the material tending to slide over 
another (see Fig. 377). In the case of water, in which no friction 
exists, the angle of repose is zero (see Fig. 375). 


Characteristics of Backqjo Materials. 


Material. 

Anglo of 
Repose. 

Weight in Lb. 
per Cu . Ft. 

Sand (dry) ..... 


90 to 100 

(moist) 


100 to 110 

(wet) ..... 

25® 

110 to 125 

V’^egetable earth (dry) 

30® 

90 to 100 

(moist) . 

4.5® 

100 to 110 

(wet) 

15® 

110 to 120 

Gravel ..... 

40® 

90 

Rubble stone .... 

45® 

100 to no 

Gravel and sand .... 

1 25® to 30° 

100 to no 

Clay (dry) 

30® 

120 to 140 

(moist) ..... 

45° 


(wet) 

15® 

J 120 to ICO 

Mud ...... 

0® 

105 to 120 

Ashes ...... 

40® 

40 


Fig. 375. 
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Earth-pressure Theories 

There are various theories of earth pressure resulting in a 
number of different earth-pressure formulae and graphical con- 
structions. Space permits of reference to two theories only. 

Coulomb's Wedge Theory 

In this theory a wedge of earth behind the retaining wall (Fig. 
376) is assumed to be responsible for the thrust against the wall. 



Fig. 376. — Wedge of Earth. 

This wedge, under the action of gravity, tends to slide down its 
lower boundary plane, which is termed the * plane of rupture.' 
The wall prevents the sliding taking place and is thereby sub- 
jected to a thrust. 

In the following development of the theory we wiU assume the 
back of the wall to be vertical, the surface of the earth to be 
horizontal and no friction to exist between the earth and the 
back of the wall. Under these conditions it can be shown that 
the wall will be subjected to a maximum thrust if the plane of 
rupture bisect the angle between the back of the wall and the 
plane of repose. 

The wedge of earth (Fig. 377) is in equilibrium under the action 
of three forces : 

(i) Its own weight acting vertically downwards through the 
C.G. of the wedge. 

(ii) The reaction of the wall, which will be horizontal on the 
no-friction assumption previously laid down. 

(iii) The reaction of the earth beneath the plane of rupture. 
Assuming the angle of friction for earth on earth to be equal to 
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Fig. 377. — The Wedge Theory. 

' 6° ' (the ' angle of repose '), this reaction will make an angle 0® 
with the normal to the plane of rupture — over which sliding is 
assumed to be just taking place. 

We can therefore draw a triangle of forces for these three forces 
and graphically find force (ii) above. This force, reversed in 
direction, will be the required earth thrust. 

Just as in the case of water, earth pressure increases uniformly 
with the depth, giving a straight-line pressure-variation diagram. 
The resultant earth thrust will act at one-third the height of 
earth retained, from the bottom of the wall. 

Example. — Using the graphical method for the wedge theory y find 
the resultant earth thrust against a retaining wall per foot of length, 
under the following circumstances: 

Height of wall {vertical back) = 13 ft. 

Horizontal earth, i ft. from top of wall. 
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Density of earth == 90 Ih. per cu, ft. 

Angle of repose of the earth = 30°. 

The graphical solution is given in Fig. 378. 



The plane of rupture makes 30® with the back of the 

wall. The horizontal dimension of the triangular section of the 
wedge may be obtained by measurement or calculation. It is 
(12 tan 30°) ft. -- (12 X -5774) 6*93 

Area of section of wedge = (J x 12 x 6*93) sq. ft. — 41*58 
sq. ft. 

Volume of wedge per foot run — (41*58 x i) = 41*58 cii. ft. 

Weight of wedge per foot run = (41*58 x 90) lb. === 3742 lb. 

Vector Ime * ab* is drawn to represent 3742 lb. It is drawn 
through the C.G. of the wedge section. 

Vector line * be’ is drawn at ‘ 30° * to the normal to the plane 
of rupture (30® = angle of friction), and ' ac* is drawn hori- 
zontally. 

The triangle ' abc ’ is the triangle of forces for the wedge of 
earth. Vector line ‘ ca ’ scales 2160 lb. 
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The resultant earth thrust foot run ofwaU is 2160 lb., acting 
horizontally at 4 ft. above the bottom of the waU. 


Formula for Resultant Thrust 

Using the symbols given in Fig. 377, the volume of earth in 

90 -0\ _ 90 - 6 


the 


wedge == i ( 


h X h tan 


tan 


/.As * w * — density of the earth, the weight of the wedge 

, , wh^ , 90 — 6 

per foot run == — tan = W. 

22 

From the triangle of forces for the wedge we find P earth 

thrust = W tan ^ (tan ^ . 

2 2 \ 2 / 


2 2 \ 2 

It can be shown by trigonometrical deduction that 
90 — 0 \ * I — • sin 6 
/ I + sin 0 


tan 


(t. 

P = ^wJi^ 


2 

I — sin 0 
I + sin 0 * 

In this form the formula for the earth thrust is usually known 
as ‘ Rankine* s formula.* With the particular assumptions made 
m the present investigation the ' wedge theory ' and ‘ Rankine*s 
theory * yield the same result. Applying Rankine's formula lo 
the previous numerical example : 

T. 1 , I — sin 0 , , I — sin 30° 

P Iwh^ - • n — r ^ 

^ I + sin 0 ^ I + sin 30 


= i X 90 X 12 X 12 X ^ ^ lb. ^ (i X 90 X 12 X 12 X i) lb. 


i-iih _ 

1 -[- 2 

— 2160 lb. (see Fig. 380). 

This value agrees with the result obtained by the graphical 
construction (Fig. 378). 


Rankine's Theory 

Imagine a very small cube of earth, with horizontal and vertical 
faces, to be subjected to a normal pressure ‘ p * on the two 
horizontal faces. If the cube were composed of liquid instead 
of earth we would require to exert horizontal pressure — p on the 
vertical faces to maintain equilibrium (Fig. 379). 
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Fig 379 — Lateral Pressures 


Rankine showed that, in the case of an earth cube, a 
pressure less than ' p ’ on the vertical faces would be sufficient 
to prevent collapse of the cube. In the case of a granulai 
material, owing to the frictional forces which the grains can exert 
on one another, disruption of the cube by slipping along internal 
planes is considerably hampered. 

If * q' be the necessary pressure applied horizontally to the 
vertical faces of the cube to prevent ' spreading ' when a pressure 
of * p' is applied vertically to the top and bottom faces, Rankine 
proved that ' p ' and * q ' are connected by the following relation- 
ship : ^7 = ^ where 0 = angle of repose for the earth. 

^ ^ I -f- sin 0 ^ 

[If 0 = 0, as in liquids, q = p.] 

In the practical application of the theory, * ' lb. per sq. foot 

is taken to be the pressure exerted horizontally by earth which 
would exert a pressure ' p' \h. per sq. foot vertically. The value 
of ' ^ ' is found as in liquid-pressure calculations, i.e. by multiply- 
ing the earth density by the depth of the point considered. 


q — ich 


I — sin 0 
1 -f- sin 0’ 


The pressure-variation diagram will be as indicated in Fig. 380. 
Taking i-ft. length of wall, the total earth thrust will be 
^ I — sin 0 

\wh — ^ — r—x X ih X 1) lb. 

2 I -b sin 0 ^ ^ 
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Fig. 380. — Rankine's Formula. 


P == \wh^ 


I — si n 6 
I 4- sin 6 


lb. per foot run of wall. 


The resultant thrust will act through the C.G. of the triangular 
pressure diagram, i.e. ‘ \h ' from the bottom of wall. 

The overturning moment of the resultant thrust about the base 


of wall = 


I 4 sin 0 



wh^ I — sin 6 
6 I 4 sin 0’ 


Stability of Gravity Retaining Walls 

(i) Graphical Method 

The resultant thrust which acts across the base of a retaining 
wall (and which has to be balanced by the force exerted by the 
foundation) is compounded of two forces : 

(i) The thrust of the retained material behind the wall, and 

(ii) the self-weight of the wall. The resultant of forces (i) and 
(ii) is found by the usual vector-diagram method (Fig. 381). 

It is upon the character of this resultant thrust — its position, 
magnitude^ and direction — that the suitability of the wall design 
depends. 

Position . — Assuming the wall to merely rest on its base, the 
resultant must obviously cut the base inside the toe of the wall if 
overturning is not to take place. If the resultant falls outside the 
base altogether, equilibrium is not possible. But it is necessary 
that the resultant thrust shall fall well inside the toe if all tendency 
to tilt is to be eliminated. It is usually assumed that the line of 
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Fig 381 


of forcAS^ 

ccuse, 

1 /— W 

/✓= P 

' — Pe>ctcLr>gu/cLr 
stru/D of bouse 

SHe^ru Acxjto/t^e^oO 
Resultant Thrust. 


action of the resultant must cut the base inside the ' middle-third * 
portion of its width if all risk of uplift is to be prevented. The 
law — known as the middle-third law — states that when two 
rectangular surfaces are in contact the resultant thrust must not 
act outside the middle-third of the width of contact of the surfaces 
if tension is to be avoided. The base (or any horizontal section) 
of a typical retaining wall, taking i-ft, run as hitherto, is a rect- 
angular area, and hence the middle-third law is applicable. As a 
tendency for tension in masonry, or at mortar joints, is undesir- 
able, the law is a test of satisfactory design. The law is con- 
sidered mathematically a little later. 

Magnitude , — The resultant is resolved into its vertical and 
horizontal components (Fig. 381). The problem of the vertical 
component usually is that of an eccentric load acting on a rect- 
angular section. The stresses produced — sometimes referred to 
as ‘ normal stresses ' — are therefore computed by the method 
given on page 301. A more detailed consideration of these 
stresses, with the derivation of suitable formulae for their calcula- 
tion, is given in a subsequent paragraph. 
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The horizontal component of the resultant tends to cause the 
wall to slide over its base. Unless other forces are brought into 
play to assist in the stability from the sliding point of view, the 
frictional resistance at the base must be able to balance the 
horizontal component thrust. 

The earth in front of the base of tlie wall assists in lateral 
stability and the base maybe tilted upwards towards the toe to 
reduce the possibility of horizontal movement. 

Direction . — The direction of the resultant thrust provides an 
alternative method of checking sliding tendency. If ' R ' makes 
a bigger angle with the normal to the base than the appropriate 
angle of friction, the wall will slide, assuming friction to be the 
only resisting force. 


Foundation Pressures 

The theory given overleaf is applicable to aiiy horizontal section 
of the wall. We may have to investigate the stresses at the 
junction of a wall with its base. Similarly, stress computations 
may have to be effected for a section, say, at mid-depth of the wall 
to test the suitability of the width provided there. The formulae 


0 






ycbs. 


® I 1 ' 

\ V\ . I ^ 


VCbst 


1 


Cbs/a* tbs/a* 
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Fig. 382. — NoRMii Stress Dutrx^utxov. 
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developed below will be just as applicable to the calculation of 
such stresses as they will be to the determination of the pressures 
produced at the wall base. 


Let ‘ V ' lb. = vertical component of resultant thrust 
‘ i ^ ft. = width of base (or section considered) 

* ^ ' ft. = eccentricity of resultant, i.e. the distance, from 
the centre of base, at which ‘ V ' acts (Fig. 382). 

Taking i-ft. length of wall : 

Area = {b x 1) = b sq. ft. 

c j 1 1x6*. /breadth x depth^\ 6* 

Section modulus (Z) = — ~ — , i.e. ( — ^ — j 

Direct stress = = ~ lb. per sq. foot 

Area b ^ ^ 

Bending stress = ^ lb. per sq. foot. 

Total compressive stress at A = - + ~ ^ ^ ) 



The stress units are ' lb. per sq. foot ' in this case. 


Middle-third Law. — Considering the stress at ‘ B,’ i.e. at the 
edge of section remote from the eccentric load, if there is to be no 

tension ^ must not yield a negative value, 

/. ^ must not exceed i 
b 


I.e. c 


b 

6 


i.e., ' V * must not deviate to either side of the centre of the section 
more than ^ which confines its position to the ‘ middle-third * 

portion of the width of the section. 

The usually accepted forms of stress or pressure- variation 
diagrams are given in Fig. 382. These follow directly from the 

application of the formula : ^ f i db • 
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Special case. — At the base of a wall resting freely on its founda- 
tion no possibility of tension exists. As previously stated, tension 
anywhere in a masonry structure is undesirable. If unavoidable 
it should be limited to about 6o lb. per sq. inch. Where no tension 
is possible we have to amend the previous theory in order that 
the laws of equilibrium shall be satisfied. 



Fig. 383. — No Tension Possible. 


The resultant up-thrust of the foundation must balance ' V * 
(see Fig. 383) and therefore must act in tlie same line. If ‘ V ' 
act at distance * a ' from the toe of the wall, the form of the 
pressure triangle must be as indicated in order that its C.G. 
(through which the up-thrust acts) shall be positioned vertically 
below the point of application of ‘V,' 

If ' lb. per sq. foot be maximum pressure, the average pres- 
sure will be ‘ PI2 ' lb. per sq, fool. 

Area under pressure per foot run of wall 

= (3a X i) = 3^J^ sq. ft. 

I X 3 « = V 
2V 

p = ~ sq. foot. 

Safe foundation pressures : 

Typical values of safe foundation pressures are given in Fig. 
384. These values must be taken only as a general guide to safe 
bearing capacities. 
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Load on ground 
tons per square 
foot. 


Alluvial soil, made ground, very wet sand . . . ^ 

Soft clay, wet or loose sand ..... i 

Ordinary fairly dry clay, fairly dry fine sand, sandy clay 2 
Firm dry clay ........ 3 

Compact sand or gravel, London blue or similar hard 
compact clay ....... 4 


Fig. 384. — Safe Bearing Pressures on Subsoils. 

Example of Simple Trapezoidal Wall 

A retaining wall, 13 ft. high, has a vertical hack. It is 2 ft. wide 
at the top and 8 ft. wide at the bottom. It retains water which is at 
a level of 1 ft. from the top of the wall. The average density of the 
wall material is 109 lb. per cu. foot. Find whether there will be any 
tendency for up-lift to be developed at the base. Calculate the 
pressures on the foundation subsoil at the toe and heel of the wall 
respectively. 

Water thrust per foot length of wall 

= \wh^ = i X 62*5 X 12* lb. = 4500 lb. 

Weight of wall per foot lehgth 

= Volume X Density = x 13 X 109 lb. = 7085 lb. 



Fig. 385.— Stability of Retaining Wall. 
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The centre of gravity of the wall section is conveniently found 
by the graphical method given on page 107. 

The line of action of the resultant water thrust cuts the vertical 
line, drawn through the C.G. of the waU section, in the point 
' O ' (see Fig. 385). From * O ' a vector hne is drawn horizontally 
to the left to represent 4500 lb. From ' 0 ' vertically downwards 
is drawn a vector line to represent 7085 lb. The parallelogram 
of forces is completed and the resultant of the two forces obtained. 
The resultant will be found to be a force of 8390 lb. Its line of 
action cuts the base at the outer middle-third point. As the 
resultant does not come outside the ' middle-third ' there will be 
no tendency for tension or up-lift at the base. 

Foundation pressures. — The vertical component of the resultant 
is 7085 lb., i.e. the weight of the wall. 


Eccentricity of loading (e) — ft. 

Pressure at toe of wall = -f -f 

lb. per sq. foot = X 2 — 1771*25 lb. per sq. foot. 

o 

Pressure at heel of wall = ^ (i — 




6 X 


o =5 o, as we would expect. 


Note. — When the resultant thrust cuts the base at the outer 
middle-third point, the toe pressure is twice the average pressure, 
V 

i.e. 2 X and the heel pressure is zero. 


Example of Wall with Base 

Show that the given retaining wall {Fig. 386) is stable from the 
point of view of (i) tension at the base, (ii) sliding on its foundation. 
Assume the following datai 

Density of earth = 90 lb. per cu. foot 
Angle of repose = 30® 

Density of wall = 130 lb. per cu. foot 
Coefficient of friction = -4 {between base and foundation), 

S M -12* 
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Fig. 386. — Retaining Wall with Base. 


The first step in this example is to determine the centre of 
gravity of the wall section. 

Let X = distance of C.G. from back of wall. Treating the 
upper wall as a rectangle plus a right-angled triangle 

(24 + 24 + 24)x = (24 X i) + {24 X 3i) + (24 X 4) 

J 2 X = 200 
X ^ 2 ^ ft. 


The line of action of * W ' will therefore act at 2| ft. from back 
of wall. 

Earth thrust . — The earth thrust per foot run of wall 


= \wh* 


I — sin 9 
I -j- sin 0 
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P = J X 90 X 15* X 


I — s in 30® 
I + sin 30® 


= (i X 90 X 225 X J) lb. = 3375 lb. 
Weight of wall . — The weight of wall per foot run (W) 
= 72 cu. ft. X 130 lb. per cu. foot = 9360 lb. 


The resultant of * P * and ‘ W ' cuts the base inside the middle- 
third of the width, therefore there is no tendency for tension. 
The wall will exert a positive pressure all along the base. 

Test for sliding . — In all cases of walls subjected to horizontal 
thrusts from retained materials, the vertical component of the 
resultant thrust equals the weight of the wall. 

V = 9360 lb., i.e. normal reaction = 9360 lb. 

Frictional resistance to sliding = 9360 lb. X *4 = 3744 lb. 

Horizontal component of resultant = 3375 lb. As the frictional 
resistance exceeds the horizontal component, the wall is theoretic- 
ally stable from the point of view of sliding. 

The resistance to horizontal movement which is provided by 
the earth in front of the toe of the base (assuming the wall base 
to be sunken in the ground), and the increased normal pressure 
which the earth resting on the base projection would provide, 
are neglected in this problem. When all the resistances to sliding 
are added together the total resistance should not be much less 
than twice the horizontal component of the resultant thrust. 
For a full discussion of all the factors 
involved in the stability of retaining 
walls, the reader is referred to a 
publication issued by the Institution 
of Structural Engineers (see page 361). 

(ii) Calculation Method 

Consider the wall in Fig. 387, 
which is subjected to a thrust ‘ P.' 

If ' P * were not acting, the line of 
action of ‘ R * would pass through the 
point ‘ A.' The effect of * P,' there- 
fore, is to displace or ' shift * the 
resultant a distance ' s/ i.e. from 
point * A ' to point ‘ B.' 



Fig. 387. — Calculation 
Method. 
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‘ W ' and ' P ' are the components of the resultant ' R.' The 
moment of force ' R ' about ' B ' is zero, therefore the moment of 
‘ P ' about point * B * must be equal and opposite to that of 
force ‘ W.* 

P X 3/ = W X 5 


' s ' is sometimes referred to as the ' shift ' of the resultant force 
on the wall, due to the force ' P/ 

Example (i). — Find the maximum height to which a 13^*' hrick 
wall may he built if it is subjected to a wind pressure of 15 lb. per 
sq. foot over its whole height. No tension is permissible in the wall. 
The density of the brickwork is 125 lb. per cu. foot. 

Let ‘ A ' ft. = maximum height of wall. 

Consider i-ft. length of wall. 


Weight of wall = x i X X ^25 Ib./cu. ft. 

= 141A lb. 

Total wind pressure on wall = (15 x A x i) lb. = 15A lb. 

The resultant wind force acts at - ft. from the bottom. 

2 

/, Overturning moment = ^I5A x = —A* = 7*5A* lb. ft. 

In order that there shall be no tension, the eccentricity must 
2-25 ins. 


not exceed \ 

o 6 


Shift of ‘ W ’ - 


P _X y _ Overturning moment 
W Weight of wall 

2*2^ 

ft. = maximum permissible 

. ^ ^ 

12 141A 

, 141 X 2-25 ^ ,, 

h =z -X ^ = 3.52 ft. 

12 X 7*5 


141A 


Example (ii). — A retaining wall is to be built with a vertical back 
20 ft. high. The widths at the top and bottom are to be 3 ft. and 6 ft. 
respectively. The earth to be retained weighs 100 lb. per cu. foot 
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and has an angle of repose of 30®. The earth is to be level with the 
top of the wall. Assuming the wall material to weigh 120 lb. per cu. 
foot, show that the proposed wall is liable to overturn. 

The following method may be found convenient for determining 
centre of gravity positions. 

Let X = Distance of centre of gravity from back of wall. 

Area Lever arm Moment 

20 X 3 = 60 X 1-5 = 90 

20 X f = ^ X (3 + 1) = 120 

90 X * = 210 

X = 2-33 ft. 

Total earth thrust (P) = ^wk* 

= i X 100 X 20* X J = 6667 lb. per foot of wall. 

Overturning moment = P x ^ = 6667 x lb. ft. 

= 44446 lb. ft. 

Area of wall section per foot .= 90 sq. ft. 

Weight of wall per foot run = (90 x 120) lb. = 10800 lb. 

. Shift • of ■ W = ft. _ 4.11 f, 

Weight of wall 10800 

/. The point at which the resultant cuts the base = (2*33 + 
4-11) ft. = 6*44 ft. from back of wall. 

This is outside the base, therefore the proposed wall is not stable 
against overturning. 

Example (iii). — A retaining wall 15 ft. high, 4 ft. wide at the 
top, and 9 ft. wide at the base, retains water which is level with the 

top of the wall. If the wall material weighs 150 lb. per cu. foot, 

investigate the stability of the wall. Draw a diagram of soil pressure 
distribution at the base of the wall. 

Position of C. G. of wall {x = distance from back of wall) : 

Area Lever arm Moment 

15 X 4 = 60 X 2 =120 

15 X f = ^ X (4 + s) = 212-5 

97-5 X % =■ 332-5 

* = 3-41 ft. 
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Resultant water thrust = ^wh* = ^ X 62"5 x 15* lb. 

= 7032 lb. 

Overturning moment = 7032 ^ ^ ~ 35160 lb. ft. 

Area of wall section = 97-5 sq. ft. 

Weight of wall per foot run = (97-5 X 150) lb. = 14625 lb. 


Shift of ‘ W ’ 


35160 


ft. = 2-41 ft. 


14625 

/. Point at which the resultant cuts the base = (3-41 •+■ 2-41) 
ft. = 5-82 ft. from the back of wall, i.e. the resultant lies within 
the middle-third of the base width. No tendency for tension will 
occur at the wall base. 

Maximum soil pressure (at toe of wall) = t) ‘ 

* V * == * W,* the weight of the wall = 14625 lb. 

* b ' = breadth of base = 9 ft. 

' e ' = eccentricity of resultant == (5*82 — 4*5) ft. = 1*32 ft. 


/. Maximum soil pressure = 


14625 1 


6 X I'32^ 


per sq. ft. 


“ (i + = 3055 lb. per sq. ft. 

Minimum soil pressure (at heel) ~ ^ ~ y) 

= lb. per sq. ft. =r 195 lb. per sq. ft. 

The pressure-variation diagram is shown in Fig. 388. 

ibs 

/^ 2 £ I 
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Fig. 388. 
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Example (iv). — Show by calculation method that the given retain- 
ing wall (Fig. 389) is just stable from the point of view of tension at 
the base. Earth density — 90 lb. per cu. foot. Angle of repose = 
30°. Wall density = 130 lb. per cu. foot. Check the stability also 
by the graphical method. The foundation must not be subjected to 
a pressure exceeding 2 tons per sq. foot. 



The reader should verify that the following preliminary results 
are correct. 

C.G. of wall is 2*88 ft. from the back. 

P = 4860 lb. W = 11895 lb. 

Taking these worked values : 

r » Overturning momeiU 
Staftot W _ weight ofwall" 

11895 11895 
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/. Resultant thrust cuts base at (2*45 + 2*88) ft. = 5-33 ft. 
from heel of wall. 

But outer middle-third point is | x 8 ft. = 5-33 ft. from the 
heel. 

/. Resultant cuts base at outer middle-third point, i.e. the wall 
is just stable from the point of view of tension at base. 

The maximum foundation pressure under the given conditions 

== ^ Ib./sq. ft. = tons sq./ft. = 1-33 tons/sq. ft. 

This is less than the maximum permissible ground pressure. 



Fig. 390. — L SHAPED Retaining Wall. 


Example (v). — An ' L-shaped* retaining wall is 9 ft. high 
{Fig. 390). The base is 3' 6'" wide, and the wall is 1 ft. 6 ins. thick 
in each leg. The earth being retained weighs no lb. per cu. foot, 
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and has an angle of repose of 35°. The earth is level with the top 
of the wall. The wall weighs 150 lb. per cu. foot. Test the wall 
for up-lift at the base. Draw the diagram of soil pressure distribu- 
tion for the base of the wall. Construct the diagram of earth pressure 
variation for the back of the wall. 

C.G. of wall section — ^from vertical back ; 


Area 

9x1-5 = 13-5 X 

2 X 1-5 = J:o X 
i 6-5 X 


Lever arm 

Moment 

•75 = 

lO-I 

2-5 = 


X = 

17-6 

- _ ^7'^ 

1-07 ft. 


Resultant earth 

= i 


thrust = \wh'‘ ^ 

* I + sin 0 


X no X 9’ X 
X no X 81 X 


I - sin 35” 
I + sin 35° 

It- '5736 . 

I + -5736 ' 


1208 lb. 


Overturning moment = (1208 x 3) lb. ft. = 3624 lb. ft. 

Area of wall section = 16-5 sq. ft. 

Weight of wall per ft. run = 16-5 x 150 = 2475 lb. 

Shift of ‘ W ’ = ^—4 ft. = 1-46 ft. 

2475 

/. Point at which the resultant cuts base is (1-07 + 1-46) ft. = 
2*53 ft from back of wall, i.e. outside the middle-third. 

The appropriate formula (proved on page 347) will be used for 
the soil pressure. 

Distance from point at which the resultant cuts the base to toe 
of wall == a = (3*5 ■— 2-53) ft. *97 ft. 


3 X a = 3 X *97 = 2*91 ft. 

Tvr • -1 2V 2 X 2475 

Maximum soil pressure = — = 

3a 2*91 

= 1700 lb. per sq. ft. (see Fig. 390). 
Maximum earth pressure behind the wall 

I “ •5736\ 


, I — sin G 
1 + sin 0 
= 269 lb. per sq. ft. 


no X 9 X 


I + *5736/ 


lb. per sq. ft. 
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The corresponding variation of pressure diagram is linear, of 
the type illustrated in Fig. 380. It is not shown in Fig. 390. 


Retaining Walls Subjected to Inclined Thrusts 

In Fig. 391 the thrust behind the wall is not horizontal. The 
line of action of the thrust is produced 
to cut the line of action of the weight 
and the parallelogram of forces is 
completed in the usual manner, A 
point to note in this case is that the 
value of * V/ the vertical component 
of the resultant thrust, is not equal to 
' W/ the weight of the wall. It is 
greater than ‘ W * and will be found 
by resolving ' R ' vertically in the 
usual manner. When friction between 
the retained earth and the back of the 
Wc^.11 is taken into account, we get the 
type of inclined thrust indicated in Fig. 391. 



Fig. 391. — Wall with 
Inclined Thrust. 


Buttresses or Piers 

The principles underlying the calculations in retaining wall 
problems may be applied to buttresses with 
horizontal or inclined thrusts. In such cases 
i-ft. length of wall may not be representa- 
tive, and it may be necessary to consider a 
portion of wall plus the buttress as a whole for 
calculation of weight and applied thrust. 

Retaining Wall with Stepped Back. — In the 
example given in Fig. 392, the earth resting 
on the steps at the back of the wall assists in 
the stability of the wall. We may assume 
AB to be the virtual back of the wall. The Back. 
value of ‘ W * in such a case would be the 
combined weight of the wall material and the supported earth. 
The line of action of * W ' would pass through the centre of 
gravity of the combined wall and earth masses. 



Fig. 392. — Wall 
WITH Stepped 
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Retaining Wall with Superimposed Loading at the Back 

In Fig. 393 the net-pressure diagram behind a wall in such a 
case is illustrated. 

AB = the head of earth which would produce the given super- 
imposed pressure of ' lb. per sq. foot. 

If Aj ft. = the head, p^ = wh^. = pjw ft. 



The pressure diagram ACD indicates that the pressure behind 
the wall is represented by the trapezoidal diagram BEDC. This 

may be directly constructed by drawing BE = p^ ^ ~ _p ~ s|h q 

, I — sin 0 , ^ I — sin 6 

CD = wh — ^ ^ + p^ — ; — : — p:. The effect of the super- 
I -f sm 0 I + sin 0 

imposed load is to increase the pressure everywhere on the back 

of the wall by an amount p. lb. per sq. foot. 

I + sm 0 

Example. — A retaining wall is 12 ft. high {Fig. 394). The 
earth retained has a density of 90 Ih. per cu. foot and angle of repose 
30°, and is subjected to a superimposed load of 150 lb. per sq. foot. 
Calculate the overturning moment on the wall about the base per foot 
run of wall (i) by constructing the pressure diagram for the wall, 
(ii) by adding the component overturning moments due to retained 
earth and superimposed load respectively. 
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Method (i) ; 

The net pressure-variation diagram is shown in Fig. 394. The 
horizontal pressure equivalent to the superimposed load of 
„ X i. X I — sin 0 I ~ i 1 

150 lb. per sq. foot = X - = 150 X = 150 x i 

= 50 lb. per sq. foot. 

/. BE = 50 lb. per sq. foot. 

The pressure at wall base against the wall, due to retained 

earth, = wh ?— ^ = go x 12 x J = 360 lb. per sq. foot. 

i-fsin0^ rn 

CD = (360 + 50) = 410 lb. per sq. foot. 

Employing the formula given on page 107 for the C.G. of 

a trapezium Xi2ft.^, the height of C.G. of 

trapezium above the base of wall 

^ ±1^ w ,2 ft = 510 X 12 _ 1^2 . 

3(410 + 50) ‘ 3 X 460 23 



Fig. 394 — Example Involving Superimposed Load. 


Total thrust against wall = Average pressure x (12 sq. ft.) 
= J(4io + 50) X 12 lb. = 2760 lb. 


102 


Arm of overturning moment = ft. 
Overturning moment about base 


= (2760 X — ) lb. ft. = 12240 lb. ft. 


23 / 
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Method (ii) ; 

Overturning moment due to retained earth alone 

= ite'A* £-qriin1 X 3 = (i X 90 X 144 X i X V) lb. ft. 

= 8640 lb. ft. 

The superimposed load causes a uniform pressure of 50 lb. per 
sq. foot over the wall back. 

Total thrust per foot of wall = (50 x 12) = 600 lb. 

Arm of overturning moment == V = 6 ft. 

Overturning moment = 600 lb. x 6 ft. = 3600 lb. ft. 

Total overturning moment = (8640 + 3600) == 12240 lb. ft. as 
before. 

The second method is the quicker. If the position of the re- 
sultant thrust were required by this method, we would have to 
compound the two parallel thrusts due to retained earth and 
superimposed loads, acting respectively at J and J height of wall 
above the bottom. 


Equivalent Liquid Pressure 

Readers who take up the more advanced study of retaining 
walls will come across a method of treatment of earth pressures 
in which a liquid of calculated density is assumed to replace the 
given earth. By this means the horizontal pressure at any depth 
is obtained by the simple formula : pressure = density x depth. 
Taking the case of earth of density 100 lb. per cu. foot and 
angle of repose 35° we have : 


^ , I — sin 0 I — sin 6 

p wh — , — ; — . = w - ^ 

^ I + sin 0 I -f sin 0 


100 X 


I - sin 35° 


I + sin 35 
/, p = 2y-ih lb. per sq. foot. 


X h 


I — -5735 , 

100 X - - X h 

I + *5736 


Horizontal pressures and thrusts may now be computed on the 
basis of a liquid of density 27-1 lb. per cu. foot. 


Further treatment of retaining- wall problems is beyond the 
scope of this book. An excellent booklet entitled Report on 
Retaining Walls may be obtained, price is. 6d., from the 
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Institution of Structural Engineers, ii, Upper Belgrave Street, 
London, S.W.i. 

The report deals with the question of friction between the 
retained material and the back of the wall. Walls are sometimes 
‘ surcharged,' i.e. have to support material which is not level 
with the top of the wall. The surface inclination of the material 
to the horizontal may be any angle up to the ‘ angle of repose.’ 
The practical consideration of this case and that of retaining walls 
with backs inclined to the vertical form part of the report. The 
characteristics of backing materials given in Fig. 375 are taken 
from the report by the kind permission of the Institution. 

Exercises 15 

(1) A vertical wall, 5 ft. high, is subjected to a uniform wind 
pressure of 20 lb. per sq. foot. Calculate the overturning moment 
about the wall base per foot run of wall. 

(2) A retaining wall with a vertical back is ii ft. high. It 
retains water the level of which is 2 ft. from the top of the wall. 
Taking the density of wat^r to be 62-5 lb. per cu. foot, calculate 
the water thrust against the wall per foot run of wall. 

(3) Earth, of density 90 lb. per cu. foot and angle of repose 30°, 
is retained by a wall with a vertical back. The wall is 12 ft. high 
and the earth is level with the top. Calculate, on the basis of 
i-ft. length of wall, (i) the resultant earth thrust, (ii) the over- 
turning moment about a point in the wall base. 

Draw a diagram showing the variation of horizontal pressure 
on the back of the wall. 

(4) A retaining wall has a section in the form of a right-angled 

triangle. The vertical back is 9 ft. high and the base is * x' ft. 
The wall retains water which reaches to the top of the wall. 
Assuming the densities of the water and the wall to be 62-5 lb. 
per cu. foot and 130 lb. per cu. foot respectively, obtain the 
minimum permissible value of ' * if there is to be no tendency 

for tension at the wall base. 

(5) A retaining wall with a vertical back has a trapezoidal 
section. Taking the data given, obtain the resultant thrust at 
the wall base. 

State whether or not the wall presses firmly on its foundation, 
from the toe to the heel of the base. 
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Width of wall at the top = 2 ft. 

Width of wall at the bottom = 4 ft. 

Height of wall = 9 ft. 

Density of retained gravel, which is level with top of wall, = 
90 Ib./cu. ft. 

Angle of repose = 40®. 

Density of wall material = 140 Ib./cu. ft. 

Note . — Sin 40° = ’6428. 

(6) (i) A wall of rectangular section, i' 6' thick, is 5 ft. high. 
The density of the wall material is 100 lb. per cu. foot. Calculate 
the maximum permissible value of uniform horizontal wind 
pressure to which the wall may be subjected if no tension is to 
be developed at the wall base. 

(ii) Calculate the maximum height to which a wall, of constant 
thickness 2 ft., may be built, without tension being developed, if 
the wind pressure be 20 lb. per sq. foot normal to the wall. The 
wall density is 120 lb. per cu. foot. 

(7) Given that the subsoil under the retaining wall shown in 
Fig. 395 can safely take a pressure of ij tons/ft.* and that a co- 



efficient of friction of -5 may be assumed at the wall base, investi- 
gate the stabihty of the wadi. 
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(8) Fig. 396 shows a rectangular base ‘ AB ' subjected to a 
resultant thrust which has a vertical component of 9000 lb. per 
foot of wall. Obtain the foundation pressure at point ' A ' of 
the base in each of the three cases given. No tension is possible 
at ' B.' 

(9) Friction between the retained earth and the back of the 
wall is sometimes assumed. In this case the earth thrust is 
inclined to the horizontal. 

Taking the example given in Fig. 397, obtain the maximum 



compressive stress at the junction of the upper wall and the base. 
Show that no tensile stress will be developed at this level in the 
wall. 

[The earth thrust shown has been computed for a wall height 
of 21 ft., i.e. for the portion of wall above the horizontal section 
being considered. Find * V ' as in Fig. 391 and treat as a vertical 
force acting at the point in which the resultant * R ' cuts the 
junction of upper wall and base,] 



CHAPTER XVI 


REVISION EXAMPLES WITH ABRIDGED SOLUTIONS 

In the examples given in this chapter, unless otherwise stated or 
suitable data be given, the self-weight of members is to be 
neglected. All beams are assumed to be simply supported. 

The solutions are given in abridged form, with sufficient detail 
to enable the reader to check the intermediate stages in his 
calculations. Readers unacquainted with trigonometry should 
use graphical methods where the calculation method involves 
this branch of mathematics. 

The page numbers given in the solutions will enable a reference 
to be made to examples involving similar principles, previously 
worked in greater detail in the text. 

(1) A vertical brick wall, 5 ft. high, is i' b"" thick. The wall 
is subjected to a horizontal wind pressure of 30 lb. per sq. foot 
of wall. Find the magnitude and 
direction of the resultant thrust 
at the wall base, taking the 
density of the brickwork to be 
100 lb. per cu. foot. Calculations 
are to be based on i-ft. length of 
wall. 

(2) Verify that the withdrawal 
tendency on the bolt shown in 
Fig. 398 is wholly horizontal. Find 
the force of withdrawal. 

(3) A pier is subjected to a 
vertical thrust of 800 lb. It also 
supports a horizontal thrust of ‘ H ' lb. Calculate ' H ' if the 
resultant thrust on the pier is 1000 lb. 

(4) Assuming a slate weighing lb. to become loose on a roof 
of 30® pitch, obtain the gravitational force urging it down the 
roof slope. 

(5) 399 shows a bracket connection to a steel column. 
The position of the bracket load is such as to cause rivet ' A ' to 

3^5 





Fig. 398. 
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be subjected to a resultant load of 2 \ tons in the manner indicated. 
Find (i) the tensile load, (ii) the shear load, which the rivet has to 
carry. 

(6) A simple triangular truss has the following dimensions : 
Bottom tie == 15 ft., left-hand rafter = 9 ft., right-hand rafter = 
12 ft. It carries a vertical load of ' P ' lb. at the apex. Assuming 
the left-hand rafter to be exerting a thrust of 1000 lb., obtain (i) 
the value of * P (ii) the thrust in the right-hand rafter. 

(7) The vertical reaction at the left end of a truss is 2000 lb. 
The main rafter and bottom tie make angles of 30*^ and 10® 
respectively with the horizontal. Using Lami's theorem, calcu- 
late the given member forces. Check the results by constructing 
a triangle of forces. 

(8) At a certain top boom joint in a braced girder the centre 
lines of four members meet. The two horizontal boom members 
exert thrusts, the left-hand member 12 tons, and the right-hand 
member 15 tons. Find the force in each of the other two mem- 
bers, one of which is vertical and the other inclined downwards 
towards the right, at 45° to the horizontal. There is no external 
load at the joint. 

(9) A vertical wall, 40 ft. high, is subjected to horizontal wind 
pressure as follows : 15 lb. per sq. foot, up to a level 30 ft. above 
ground, and 20 lb. per sq. foot above this level. Calculate the 
overturning moment of this wind pressure about the base of the 
wall, per foot length of wall. 

(10) A bolt, with its axis horizontal, is turned by a straight 
spanner. Assuming the maximum safe turning moment which 
may be applied to the bolt to be 2000 lb. ins., calculate the 
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greatest permissible distance, measured along the spanner from 
the centre of the bolt, at which a vertical load of 100 lb. may be 
applied, when the spanner makes an angle of 30® with the 
horizontal. 

(11) In a testing machine a uniform straight bar with the 
fulcrum at the centre swings as a pendulum in a vertical plane. 
The bar carries two adjustable weights, 20 lb. near the bottom 
end and 10 lb. near the top. Calculate the moment of the couple 
which must be imposed on the pendulum to maintain it at an 
angle of 30° with the vertical, given that the bottom and top 
weights have their C.G.s respectively at 20 ins. and 10 ins. from 
the fulcrum. 

(12) A beam, 15 ft. overall length, is simply supported at two 

points ' A * and ' B.’ ' A ' is 2 ft. from the left end and ‘ B ' is 

3 ft. from the right end of the beam. The beam carries a 9"" brick 
wall, of uniform height 4 ft., throughout its length. Taking the 
density of the brickwork to be i cwt. per cu. foot, calculate the 
reactions at ‘ A ' and ' B ' due to the weight of the wall. 

(13) A beam (whose self-weight may be neglected) is simply 
supported at the left end and at a point 4 ft. from the right end. 
The overall length of the beam = 12 ft. The beam carries a 
point load of 2 tons at 2 ft. from the left end. What additional 
load per foot run can the beam support, if the left-end reaction 
is not to exceed 4*5 tons ? 

(14) A simply supported beam ' AB,' of 20-ft. effective span, 
carries a point load of 8 tons at 4 ft. from ‘A.' A uniform load 
of I ton per foot extends 12 ft. into the span from the end ‘ B.' 

Determine the support reactions due to these loads : 

(i) by calculation ; 

(ii) by link polygon. 

(15) The reactions for a beam, 15 ft. long, are at the left end 
and 5 ft. from the right end. The beam carries three loads : (i) 
I cwt. per foot over the whole beam length ; (ii) 2 cwts. per foot 
for a distance of 5 ft. from the left end ; and (iii) a point load of 
30 cwts. at the extreme right end of the beam. Calculate the 
beam reactions. 

(16) Fig. 400 shows a wall bracket. Calculate the magnitude 
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of the reaction at ‘ A ' and the 
magnitude and direction of the 
reaction at ‘ B/ 

Check the results by a 
graphical method. 

(17) A king-post truss of 
24-ft. span is subjected to a 
uniform positive wind pressure 
on the left slope of the truss. 
The length of the principal 

2 Cfv£s truss is 14 ft. 

and the trusses are spaced at 
8-ft. centres. The reaction at 
the right end of the truss is vertical. If this reaction have a value 
of 490 lb. due to the wind, calculate the intensity of the wind 
pressure normal to the roof slope. 

(18) A trapezoidal retaining-wall section with a vertical back 
is 2 ft. wide at the top, 4 ft. wide at the bottom and 12 ft. high. 
Obtain the distance of the centre of gravity of the wall section 
from the back of the wall 

(i) by calculation j 

(ii) by link polygon construction ; 

(iii) by any other graphical construction. 


(19) Find the centre of gravity of each of the structural 
sections given in Fig. 401. 




Fxo. 401. 
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{20) A compound girder, 13'' overall depth, is composed of an 
I-section with a plate S'' x ^ on the top flange, and a plate 
12'' X V on the bottom flange. The dimensions of the I-section 
are : 

Flange width =7' 

„ thickness = 1'' 

Depth = 12'’ 

Web thickness — 

Calculate the position of the neutral axis of the section, making 
no allowance for rivet holes. 

(21) Draw the stress diagram for the frame given in Fig. 402. 
Draw up a table showing the force in each member of the frame, 
and the type of member. 


Sdons 3 dons 



/ Con 


(22) Forces of i cwt,, 5 cwts., and 4 cwts. act vertically down- 
wards at points * A,’ ' B,' and ‘ C ' respectively on a horizontal 
beam. ' AB ' = 4 ft. and ‘ BC ' = 6 ft. 

Find the magnitude, direction, and position (with respect to 
point ' A ') of the resultant of the three forces : 

(i) by calculation ; 

(ii) by means of a link polygon. 

(23) In a travelling crane three wheel loads 'A,' ' B,' and ' C ' 
traverse a girder. ' A ' = i ton, ' B ' = 3 tons, and * C ' = 
2 tons. AB = 2 ft. and BC = 4 ft. Assuming the fact that the 
load system will produce its maximum bending moment when 
the ' 3 tons ' load and the ‘ C.G. of the three loads ' lie equidistant 
on either side of the centre of the girder, find how far load ' A ' 
is from the near end of the girder when the critical load setting 
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for maximum bending moment is attained. The girder has a 
span of 20 ft. 

(24) A truncated right p5a'amid of square section is 4*" x 4'' at 
one end and 2" X 2'' at the other and is used as a tie member. It 
is subjected to an axial pull of 360 lb. Calculate the stress at the 
mid-section of the pyramid and also determine the maximum 
stress produced. 

(25) (i) How many f^'-dia. rivets in single shear will be required 
to transmit a shear load of 53 tons ? (/^ = 6 tons /in.*) 

(ii) A tie-bar in a frame is connected to the boom angles by two 
gusset plates, one on either side of the tie-bar. Four I'^-dia. 
turned and fitted bolts are used. Calculate the safe axial load 
for the tie-bar from the point of view of the shear in the bolts in 
its end connection (/, = 6 tons/in.»). 

(26) A timber post, 3'' x z" section and 4 ft. in length, is 
subjected to an axial thrust of 1800 lb. Taking Young's modulus 
for the timber to be 1,600,000 lb. /in.*, calculate the contraction 
in length of the post. 

(27) An extensometer, employing an S'^-gauge length, is attached 
to a mild steel tie-bar in a bridge truss. As a train passes over 
the bridge the extensometer registers a maximum extension of 
•002 ins. Assuming the cross-sectional area of the tie-bar to be 
6 sq. ins., estimate the live load created in it by the passing of the 
moving load. A suitable value for ‘ E ' must be chosen. 

(28) The concrete in a reinforced concrete circular water tank, 
on drying out after casting, has a shrinkage of *01%, thus causing 
compressive stress in the steel reinforcement which is in the form 
of horizontal hoops. Calculate the value of the tensile stress 
which the filling-in of the water may tend to cause in the steel 
hoops without any residual tensile stress being created. E for 
steel = 30,000,000 lb. /in.*. It is assumed that there is no slip 
between the steel and surrounding concrete. 

(29) A simply supported beam, of effective span = ' carries 
a point load = * W ' at one-quarter of the span from one end. 
Prove that the maximum bending moment in the beam is given 

oW/ 

by the expression 

(30) A simply supported beam ‘ AB ' has an effective span of 
8 ft. At points ‘ C/ ‘ D/ and ' E ' on the beam there are con- 
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centrated loads of 2 cwts., 4 cwts., and i cwt. respectively. AC = 
I', CD = 3 '> DE = 2'. 

Construct the bending moment and shear force diagrams for 
the beam. 

(31) A simply supported beam of lo-ft. effective span carries 
a uniform load which develops a bending moment of 16 cwts. ft. 
at a section 2 ft. from the left end. Calculate the maximum 
bending moment and maximum shear force for the beam. 

(32) A timber beam of 8-ft. effective span carries 10 sq. ft. of 
flooring. The inclusive floor load is 120 lb. per sq. foot. Design a 
suitable section for the beam, making the depth three times the 
breadth. The maximum fibre stress in the timber is not to 
exceed 1200 lb. per sq. inch. 

(33) A timber beam of lo-ft. effective span has to carry a point 
load of 560 lb. at 4 ft. from the left end. Find a suitable depth 
for the beam assuming a breadth of 2 ". The safe stress in bending 
for the timber is 1000 lb. per sq. inch. 

(34) A timber beam has a breadth of 3^, a depth of 6"', and an 
effective span of 10 ft. In addition to a point load of 560 lb. at 
4 ft. from the left end, it carries a uniform load of 300 lb. Calcu- 
late the maximum fibre stress in the timber. 

(35) Calculate the maximum permissible span for a 3*^ X 9^ 
timber beam which carries 100 lb. per foot run, given that the 
maximum stress must not exceed 1200 lb. per sq. inch and that the 
maximum deflection is not to be greater than i /360th of the span. 

' E ' for the timber = 1,600,000 lb. per sq. inch. 

(36) A balcony is supported outside a building by timber 
cantilevers. The width of the balcony is 4 ft. and the total 
inclusive load carried is 220 lb. per sq. foot of floor area. If the 
cantilevers be 3'" wide x deep, calculate their maximum per- 
missible spacing, if the fibre stress in the timber be limited to 
1000 lb. per sq. inch. 

(37) A concrete footing to a retaining wall projects 18*' beyond 
the toe of the wall. The footing is 24'' deep. The net upward 
pressure at the edge of the footing is 2 tons per sq. foot and 
vertically beneath the toe of the upper wall the foundation pres- 
sure has fallen to 1*5 tons per sq. foot. Calculate the maximum 
tensile stress in the concrete. 

68) A B.S.B. has an effective span of 14 ft. It carries a 
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central point load of 3-5 tons and a uniform load of total value 
7 tons. Taking */' = 10 tons per sq. inch, find the necessary 
section modulus for the beam. 

(39) A 12' X 6*^ X 44 lb. B.S.B. having an effective span of 
20 ft. carries point loads of ' W ' tons at 5 ft. from each end, and, 
in addition, a uniform load of 8 tons. Calculate the value of ' W * 
if the maximum fibre stress in the steel = 10 tons per sq. inch. 

Zxx for fhe B.S.B. = 5279 ins.*. 

(40) A steel beam carries three equal point loads of 6*4 tons 
each, at the quarter-points of an effective span of 16 ft. Assum- 
ing a working stress of 10 tons per sq. inch, select a suitable 
section from the following list : 

12" X b'" X 44 lb. B.S.B. : Zxx = 5279 ins.* 

10'' X 8^ X 55 lb. B.S.B. : Z^x = 57*74 ins.» 

12'' X b'" X 54 lb. B.S.B. : Z^x == b2‘b3 ins.* 

(41) Taking the case of a 9"" x 4^" X 21 lb. B.S.B., verify the 

rule that if a B.S.B. be fully loaded with uniform load so that 
/ = 8 tons /in.*, the effective span must not exceed 24 times the 
beam depth, if the maximum deflection is to be hmited to part 

of the span. E = 13,000 tons/in.*. Ixx for B.S.B. = 81*13 ins.^ 

(42) A compound girder, weighing 150 lb. per foot run, has an 
effective span of 20 ft. The girder carries a superimposed 
uniform load of total value 59bo lb. In addition the girder 
carries the reactions of secondary beams which are equivalent to 
two point loads of 23*75 tons each, respectively, at b ft. from the 
end supports. The girder is 17 ins. overall depth and Ixx == ^945 
ins.*. Calculate the maximum stress induced in the girder flanges. 

(43) The steel corner post in a wire fence is of I-section. The 
flanges are 1^" wide and I" thick. The web thickness is I" and 
the overall depth is 2" , The fence wires contain an angle of 
120® at the post and the ‘ YY ' axis of the steel section bisects the 
angle between the wires. Calculate the maximum permissible 
tension in the wires, assuming there are three horizontal wire 
circuits at i ft., 2 ft., and 3 ft. respectively above the ground 
support. The post has no stdiys and the maximum stress must 
not exceed 8 tons /in.*. The tension in each wire is the same. 

(44) A beam, simply supported at the ends, carries a uniform 
load of I cwt. per foot run. The effective span = 10 ft. 
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Calculate the uniform load, in cwts. per foot run, which the 
beam can carry, in addition to the given load, assuming this new 
load to extend from the left support up to the centre of the span. 
The maximum bending moment in the beam is to be limited to 
40 cwts. ft. 

Draw the B.M. and S.F. diagrams for the beam when carrying 
the calculated and given loads simultaneously. 

(45) A beam of rectangular section, 2" wide x 6" deep, has an 
effective span of 8 ft. The load carried by the beam is uniformly 
distributed and of ‘ W ’ lb. total value. At i in. beneath the top 
of beam, at a section 2 ft. from the left end, the compressive stress 
is 600 lb. per sq. inch. Calculate the value of ‘ W.' 

(46) An overhanging beam extends 2 ft. over the supports at 
both ends. It carries three equal concentrated loads, one at 
each end and one in the middle. Calculate the magnitude of the 
central span if the negative support moment is twice the maximum 
positive central-span moment. 

(47) An overhanging beam of 15-ft. total length is supported at 
3 ft. from each end. The beam carries a wall 9" thick and of 
average density 100 lb, per cu. foot. The elevation of the wall is 
an equilateral triangle with 15-ft. base. Calculate (i) the support 
bending moment, (ii) the maximum central-span bending 
moment, due to the weight of the wall. 

(48) What is the least radius of gyration of a solid circular 

column section 5^" diameter ? Calculate the safe concentric load 
for a mild steel column of this section, assuming its effective 
length to be 13' q'', given the following ‘ ' values ; 


lir 

‘ Fa ’ {tons It H.^) 

100 

. 4-1 

no 

• 37 

120 

3-3 


(49) A column has to support a concentric load of 49 tons. 
The effective length of the column is estimated to be 12 ft. 

Select, from the sections given below, the most suitable joist 
column : 

14'' X 6" X 46 lb. Iyy = 21*45 ins.*^ Area = 13*59 sq. ins. 
16" X b'" X 50 lb. Iyy = 22*47 Area = 14*71 sq. ins. 


S.M.— 13 
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The following ' F. ' values are supplied : 

Ijr F, (tonsjin}) 

no • • • • 3*7 

120 ... . 3-3 

(50) A short masonry pillar of square section, 9" side, supports 
a vertical concentrated load of ' W ' tons, having a single eccen- 
tricity of with respect to one of the principal axes of the 
section. Calculate the value of ‘ W ' if the maximum compressive 
stress it induces in the masonry is 600 lb. per sq. inch. 

(51) The resultant tlirust at the base of a retaining wall is 
8000 lb. per foot run of wall. It makes an angle of 30° with the 
vertical, and cuts the base at 3' 6 " from the toe. The width at 
the base == 9'. Draw a diagram showing the distribution of 
normal pressure on the subsoil under the base. 

(52) A retaining wall with a vertical back is 15 ft. high. Calcu- 
late the resultant thrust on the back of the wall, per foot run of 
wall, under each of the given circumstances : 

(i) Uniform wind pressure of intensity 30 lb. per sq. foot. 

(ii) Water, level with the top. 

(iii) Earth, level with the top. The earth density is 90 lb. 
per cii. foot and angle of repose is 30°. 


(53) The height of a retaining wall with a vertical back is 12 ft. 
it retains earth, level with the top of the wall. The earth density 
is 100 lb. per cu. foot and its angle of repose is 30°. There is a 
superimposed load of 210 lb. per sq. foot on the earth at the back 
of the wall. Calculate the resultant overturning moment about 
the base of the wall. 

(54) A boundary wall of rectangular section, 6 ft. high, is sub- 
jected to a uniform horizontal wind pressure of 15 lb. per sq. foot. 



The density of the wall material 
is 120 lb. per cu. foot. Calculate 
the necessary thickness of the 
wall if no tension is to be de- 
veloped at the base. 

(55) Fig. 403 shows a braced 
girder carrying two uniform 


load systems, 5 cwts. per foot 


Fig. 403. 
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for the length of the girder and 10 cwts. per foot extending over 
two bays. The loads are carried by a floor system which 
transmits the given loads to the panel points of the girder. Cal- 
culate the force in each of the members marked ' A ' and ‘ B ' 
respectively. 

{Note. — The load at a given panel point will be the sum of the 
loads taken up by proceeding half-way to the adjacent panel 
points on either side.] 

(56) A 12'' X 8" X 65 lb. joist column section is used as a 
short column and is subjected to the following load system * 

10 tons on the ‘ YY ' axis, eccentric with respect to XX axis. 
8 tons on the ‘ XX ' axis, 3" eccentric with respect to YY axis. 
48 tons concentric load. 

Given Z^x = 81*3 ins.®, Zyy = 16*3 ins.*, area of column 
section = 19*12 in.*, calculate the maximum stress induced in the 
steel. 

[For direct stress, add together the three loads and divide by 
area of section. For maximum bending stress, find the bending 
stress due to each eccentric load (with reference to the appropriate 
axis) and add the two stresses. Finally add the direct and total 
of bending stresses.] 

(57) The column section given in Question 56 is used to carry 
a single load of 20 tons, which has an eccentricity of 6" witli 
respect to the ‘ XX ’ axis and 2" with respect to the ‘ YY ’ axis. 
Calculate the maximum stress in the column. 

[Add the direct stress to the combined bending stresses due to 
the two eccentricities.] 

Solutions 

[Page references are to examples involving similar principles.] 

(1) Wind load ==150 lb. Weight of wall = 750 lb. 

Resultant =: Vi 50* -f 750* == 765 lb. If ‘ 6 ' = inclination to 

vertical, tan 6 = 150/750 -2, 0 11° 18'. [Page 14.] 

(2) 1732 X cos 60° = 1000 cos 30®. No vertical component. 
Horizontal force on bolt = 1732 cos 30^" + 1000 cos 60° = 

2000 lb. [Page 25.] 

(3) H* + 800* = TOGO*. H 600 lb. [Page 14.] 



376 INTRODUCTION TO STRUCTURAL MECHANICS 


(4) 5-5 cos 60® = 5*5 X i = 2*75 lb. [Page 21.] 

(5) (i) Tensile load = 2*25 cos 30° = 1*95 tons. 

(ii) Shear load = 2*25 cos 60® = 1*125 tons. [Page 22.] 

(6) Solution by ‘ triangle of forces * or by ' Lami's theorem.* 

P 1000 


Lami*s theorem reduces to 

P ^ Q 


P = 1250 lb. 


Also 


sin 90® 12/15' 

which gives Q (force in right-hand rafter) 


sin 90® 9/15 

== 750 lb. [Pages 35 and 325.] 

(7) Reducing to three forces acting away from the point 
of concurrence, the contained angles are 120®, 80®, and 
2000 Rafter force Tie force 


160® 


From this, we get 


sin 160® sin 80® sin 120® 

Rafter force = 5759 lb. Tie force = 5064 lb. [Page 326.] 

(8) Inclined member is a tie. T cos 45® = 3. T = 4*242 tons. 
Vertical member is a strut. S = T cos 45® = 3 tons. [Pages 
42 and 22.] 


(9) Wind load on lower portion = 450 lb. 

Wind load on upper portion = 200 lb. 

Overturning moment = (450 X 15) + (200 X 35) = 13750 
lb. ft. [Page 104.] 


(10) a:*" = distance. .*. 100 X ^ X cos 30® = 2000. 

X = 22 ins. [Page 48.] 

(11) (20 X 20 sin 30®) — (10 X 10 sin 30®) = 150 lb. ins. 
[Page 49.] 

(12) Total weight of brickwork = 45 cwts., acting at C.G., 
which is 5*5' from ' A.’ 

X 10 = 45 X 4 * 5 - Ra == 20*25 cwts. 

Rb X 10 = 45 X 5*5. Rb = 24*75 cwts. [Page 108.] 


(13) If * z£; * tons per foot be load 

4*5 X 8 == (2 X 6) -f- (i2ze' x 2). w — i ton per foot. 

[Page 60 .] 

(14) Ra X 20 = (8 X 16) + (12 X 6). Ka = 10 tons. 

Rb X 20 = (8 X 4) + (12 X 14). Kb = lo tons. 

[Treat uniform load as concentrated at the C.G. for link polygon 
construction.] [Page 125.] 
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(15) (Ri, X 10) + (30 X 5) = (10 X 7 - 5 ) + {15 X 2-5). 

Rl = — 3-75 cwts., i.e. a downward force. 

(Rb X 10) = (10 X 2-5) + (15 X 7 - 5 ) + (30 X 15) 

Rr = 58.75 cwts. [Page 109.] 

(16) Ra X 4 = 2 X 3. Ra = i ‘5 cwts. 

Hr = Ra = I'5 cwts. Vg = 2 cwts. 

Rb = Vl-5* + 2* = 2‘5 cwts. 

6 = inclination of ‘ Rg ’ to horizontal, 
tan 0 = Vb/Hb = 2/1-5 = 1-33 
8 = 53 ° (nearly). [Page 84.] 

(17) P = resultant wind load. 

P X 7 = 490 X 24. P = 1680 lb. 

iir- j P 1680 ^ 

Wind pressure = — 5 = j, = 15 lb, per sq. foot. 

14 X o 14 X 8 

[Page 85.] 

(18) X from back of wall. 

36jE = (24 X i) + {12 X 2f). X = ft. [Page loi.] 

(19) (i) Dividing into a triangle and two rectangles of respective 
areas 4-5, 6, and 3 sq. ins. and assuming C.G. at x from left edge 
and y from bottom : 

13 * 5 ^ = ( 4-5 X i) + (6 X 1 - 5 ) + (3 X 4 - 5 )- x = 2". 
i 3 - 5 y = ( 4-5 X 3) + (6 X i) + (3 X - 5 ). y -= ig". [Page 
lOI.] 

(ii) X = distance of C.G. from left edge : 

416-4* = (452-4 X 12) - (36 X 14) 

X = 1 1 •82*. [Page 102.] 

C.G. is 12' from bottom of section. 

(20) y — height of C.G. above bottom, i.e. height of NA. 
Area of I-section = 19 sq. ins. Total area = 29 sq. ins. 

29 y = (19 X 6-5) + (4 X 12-75) + (6 X -25) 

y — 6‘o 7 ins. [Page 103.] 



378 INTRODUCTION TO STRUCTURAL MECHANICS 


3 £cy^s ^ 



^ 1 ^ 

/don 








oj: 


oa: 




/=A/ 


/•33 


A 35 



/•ss 


LLi 

/55 

/ 5 S 
SOO 


3 -SS 


^OO 


3 -SS 


TOO 


TY/>b: 


t/ze: 


.STl^CJT 


ST^T- 

>e< 


T/JE 


STBUT 


T/if 


Sn^UTX 



Fig 404. 

(22) Magnitude == (i + 5 -f- 4) == 10 cwts. 

Direction — vertically downwards. 

Position = ;i; ft. from ‘ A ' 

lox = (5 X 4) + (4 X 10) 

= 6 ft. [Pages 72 and 119.] 

(23) C.G. of load system is 3 ft. from * A/ i.e. i ft. from ' B.* 
Therefore centre of span is 6"' from ' B ’ and 6 " from C.G. of 
system, measured in opposite directions. This setting will fix 
load ' A * as being 7*5 ft. from the end of the girder nearer to it. 
[Page 93.] 
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(24) Area at mid-section = 9 sq. ins. 

Stress at mid-section = = 40 lb. per sq. inch. 

Smallest sectional area = 4 sq. ins. 

Maximum stress = = 90 lb. per sq. inch. [Page 163.] 

4 

(25) (i) Value of one rivet — 2-65 tons. 

Number of rivets required = = 20. 

^ 2-65 


(ii) Value of one bolt = 9-42 tons. 

Safe load for 4 bolts = 37*68 tons. [Page 186.] 


(26) Stress = ==1 200 Ib./in.*. 


strain = -g-,. 


E = 

X = 


Stress 


200 


1,600,000. 


Strain x/48 
contraction in length = *006 ins. [Page 178.] 


(27) Strain = 


•002 


= *00025. 


Stress = E X strain = 13000 X *00025 — 3*25 tons/in.*. 
Load created = (3-25 x 6) = 19*5 tons. [Page 178.] 

(28) Strain = -oi/ioo = -oooi. 

Stress in steel = E x strain = (30,000,000 x -oooi) — 3000 
Ib./in.V This compressive stress must be neutralised before 
any tension is developed. It is assumed there is no relative 
slip between steel reinforcing bars and the concrete. [Page 178.] 

(29) Rr = = 2 W. = JW X = 3WI 

{Page 209.] 


(30) Rji = 4 cwts. Rb = 3 cwts. 

B.M.o = (4 X i) = 4 c.f. 

B.M.d (4 X 4) — (2 X 3) = 10 c.f. 

B.M.k = (3 X 2) = 6 c.f. {Page 211.] 

(31) ‘ w ’ cwts. per foot = uniform load. 

,, low . 
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/. (51® X 2) — {zw X 2/2) = 16. w = 2cwts. per foot. 

W = 2 X 10 = 20 cwts. 

„ W 20 X 10 . 

E'M.jnnx^ — g — g — 25 c.f. 

W 

S.F.„„, = ± — = ± 10 cwts. [Page 214.] 

, , T5 HI 1200 X 8 X 12 „ . 

(32) = 5 = 14400 lb. ms. 


bd* 

1200 X — 14400 


8 = 2* and d = 6 
( 33 ) Ra 


[Page 246.] 


336 lb. = (336 X 4) = 1344 lb. ft. 

1000 X 2 X d‘ 

1344 X 12 = g . 

b = 2\ d = 7’. 

Suitable depth = 7*. [Page 246.] 

(34) R^ = 486 lb. 

B.M.max. occurs at the point-load position. 

B.M.^x. = (486 X 4) — (120 X 2) = 1704 lb. ft. 

_/X 3 x 6 x 6 

~ 6 


.’. /= 1136 lb. /in.'. 


1704 X 12 
[Page 266.] 

(35) ‘ ’ ft. = max. permissible span. 

,, 100/ X / X 12 1200 X 3 X 81 

Strength: g = ^ 


.-. / = 18 ft. 


*5 W/* 

Deflection: ^ 


I X 12 


= -^ X 


100/ X I* X 1728 


360 384 1,600,000 X 182-25' 

Max. span = i6'28 ft. [Page 273.] 

(36) Safe total load per cantilever = W lb. 

W X 2 X la - 5522 -X 3 >< . 

o 


/ = 16*28 ft. 


W = io 20’8 lb. 


267.] 


' X ’ ft. 
1020-8 


= spacing (centres). 

= 220. X — 1-16 ft. = i3‘9 ins. (centres). [Page 
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{37) Distance of C.G. of pressure diagram from toe of upper wall, 
i.e. the arm of bending moment, 

a + 26 , 1*5 4 - 4 o 

= - 7— iT X I = - \ X 18 = q-43 ins. 

3 (« + 3 ( 3 - 5 ) 

Upward thrust = ^ - x (1-5 X i) J tons = 5880 lb. 


5880 X 9-43 = / X 


12 X 24 X 24 


/. / ~ 48*1 Ib./in.®. [Pages 107 and 247.] 

(38) Max. B.M. = 


tons ins. 

Z -= 


?94 

10 


29-4 ins.^ [Piig^ 257.] 


(39) Available B.M. = 10 x 5279 == 527*9 tons ins. 

due to uniform load = ~ 240 tons ins. 

o 

The two loads ‘ W ' must create a B.M. = (527*9 — 240) 
= 287-9 t^tis ins. 

W X 5 X 12 == 287*9. W = 4798 tons. [Page 267.] 

(40) = 9*6 tons. 

B.M. = (9-6 X 8) - (6-4 X 4) = 51-2 tons ft. 

„ 51-2 X 12 , . - 

L — = 6i’ 44 ms ». 

10 

Use 12" X 6* X 54 lb. B.S.B. [Page 266.] 

(41) 24 X beam depth = 24 X 9" = 21O ms. 

Safe load = W tons. M = /-. 

y 


W X 216 ^ g ^ 81-13 


8 


4-5 


.-. W = 5-34 tons. [Page 255.] 


nr j 5 5-34 X 216 X 216 X 216 . 

Max. deflection = X = ^^5 ms. 


384 


216 


Max. deflection permissible = — - = ’665 ins. [Page 273.] 

325 

(42) Self-weight of girder = 20 x 150 == 3 ^^^ lb. 

Total U.D. load = (3000 + 5960) == 8960 lb. = 4 tons. 

Total B.M.^„. = (‘ ^ ^ - ^ + (23-75 X 6) tons ft. = 152-5 

tons ft. 

S.M. — 13* 
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Z _ i _ ^545 _ 228-8 ins.*, 
y 8-5 

/= ^ - ^^228^ '^ ^ ^ tons/in.«. [Page 269] 



Fig. 405. 


T / 4.- X 2* 1*25 X 1*5* . o . . 

Ixx for section = — = -648 ms.*. 

^ = -648 ins.*. 

(P X 36) + (P X 24) 4 - (P X 12) = max. B.M. = /Z = 8 X 
•648 X 2240. 

P = 161 lb. 

2T cos 60° = 161. 

T = max. permissible tension = 161 lb. [Page 253.] 

(44) B.M.m»x. wiU occur in portion of beam carrying the 
additional load. 

Let ‘ w ’ cwts. per foot run = additional load. 

Ra X 10 = (10 X 5 ) + { 5 ^ X 7 .- 5 )- Ra = (5 + 375 “’) 

cwts. 
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Position of (from left end) 

+ 3- 

w 1 

'■ + i]")] “ <5 + 375«') X ( 

ze/ = 4 cwts. per foot. 


_ 5 + 375^^ rx 
w + 1 


B.M.^,. = [(5 + Z- 75 W) X j - (5 + 3-75w’) 


) 

5+_375“’\ _ 

2 {w + i) / 


= 40. 


Max. B.M. due to i cwt./ft. load == 


10 X 10 

_ 


12-5 c.f. 


Treating 4 cwts. /ft. load as concentrated at centre (for con- 

20 X 2*'^ X 7*S 

struction purposes) B.M. at 2-5' from left end = — -- 

= 37-5 c.f. 

Rl X 10 = (20 X 7-5) + (to X 5). Rl = 20 cwts. 

Rr X 10 — (20 X 2-5) + (10 X 5). Rr = 10 cwts. 

B.M. and S.F. diagrams are shown in Fig. 406. [Page 230.] 



Fig. 406. 


(45) If ‘/’ lb. /in.* be max. stress at given section, 

/ _ y = goo lb. /in.*. 

3 ^ 

/w \ /W \ fbd* 900 X 2 X 6 X 6 

(^X2XI2 )-(^X2XIXI2 j=^-^=^ -6 

W = 1200 lb. [P(^ge 268.] 
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(46) W = each load. Central-span moment = J the support 
moment. 

If ‘ = central span, 

.'. 1—12 ft. [Page 222.] 

(47) Total weight of wall = - 5 - x ^5 X 866 x 15 ^ 

= 7307 lb. 

B.M. at mid-span = (3653-5 X 4-5) - ^3653-5 X 

= 7307 lb. ft. Triangular load acts through its C.G. 

B.M. at support. Height of wall at support == 3 tan 60® = 
5-196 ft. 

Weight of overhanging wall = (^ X 3 X 5*196 X X 100) 
= 584-55 lb. 

B.M. at support = 584-55 X | = 584*55 lb. ft. 


(48) Least radius 


= 1*375 


I 13-75 X 12 T, 

- = ■ — = 120. F„ 


3-3 tons/in.*. 


71 X 

Safe concentric load = 3-3 x = 78 3 tons. [Page 

4 

296.] 

(49) Try 14' X 6* X 46 lb. section. 

rvY = 1-26 ins. - = = 114-28. 

r 1-20 

Fa, by interpolation, = 3-53 tons/in.*. 

Safe axial load = 3-53 x 13-59 — 48-0 tons. 

The section is not suitable. 

Try 16" X 6* X 50 lb. section, 
f-yy = 1-24 ins. 

- = = ii6-i. 

r 1-24 

Fo, by interpolation, = 3-456 tons/in.®. 

Safe axial load = 3-456 x 14-71 = 50-84 tons. 

Hence this section is suitable. ■ [Page 297.] 



W , W X li , 

-I = 600 
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^ ^ Z 

z = 
w 


+ 


w* 

6 

W X 1-5 


9Ji|2L9 = i„3.. 


= 600. W = 24300 lb. [Page 302.] 


81 ' 121*5 

Alternatively, as the load is at the edge of the middle-third, the 

average stress = = 300 lb. /in.*. 

/. W — 300 X 81 = 24300 lb. [Page 345.] 

(51) Normal component of resultant thrust == 8000 cos 30° 
= 6928 lb. 

Pressure at toe = ^^r + ^ 

— 1283 lb. per sq. foot. 

Pressure at heel = ~ 

= 257 lb. per sq. foot. [Page 354.] 


(52) Wind thrust = (30 X 15 X i) = 450 lb. acting at 7-5 ft. 
from the bottom of the wall. 

Water thrust = = i X 62-5 x 15* = 7031-25 lb. acting 

at 5 ft. from bottom of wall. 

Earth thrust = ^wh* £‘^7^0 = i X 90 x 15* X J = 3375 h>. 
acting at 5 ft. from bottom of wall. [Pages 332, 333, 341.] 

(53) Earth thrust = 2400 lb. (retained earth only). 
Overturning moment = 2400 lb. x 4 ft. = 9600 lb. ft. 

Thrust against wall due to superimposed load = (210 x J x 

12) = 840 lb. 

Overturning moment = 840 lb. x 6 ft. = 5040 lb ft. 

Total overturning moment = 14640 lb. ft. [Page 359.] 

(54) x' = thickness of wall. 

W = 6x.*xix 120 = yzox lb. 

P = 6 x I x 15 = 90 lb. 
yzox x a;/ 6 = 90 x 3. 

* = 1-5 ft. = 18 ins. [Page 352.] 
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( 55 ) Rl X 40 = (150 X 30) + (100 X 20) + (50 X 10) 

Rl == 175 cwts. (net reaction). 

Rr X 40 = (50 X 30) + (100 X 20) + (150 X 10) 

Rr = 125 cwts. (net reaction). 

(Fa X 10) + (150 X 10) = (175 X 20). [Moments about 
opposite joint.] 

/. = 200 cwts. Member ‘ A ' is a strut. 

Fb = S.F. X V2 == (125 — 50) \/2 = 75 i/i cwts. 

= 106 cwts. Member ' B ’ is a tie. [Page 314.] 



/T^c. 


(56) Direct stress = 
tons/in. 2. 

Bending stresses : 


/iuzjeL LoclcLs 

riG. 407. 

Total load 


/ZSc.. 


66 


Area of section 19-12 


tons/in.* = 3-45 


w . y. M 10 X 8 , 

XX axis. / = - = ^ tons/in.=* = -984 tons/in.*. 


YY axis. / : 


Z 

M 

Z 


8i-3 

8x3 

16-3 


tons/in.* = 1-47 tons/in.*. 


Max. compressive stress in steel 

= ( 3'45 + • 9 f ^4 + i' 47 ) tons/in.* 
= 5-91 tons/in.*. [Page 303.] 


(57) Direct stress = 
Bending stresses : 
XX axis. / = ^ = 


20 


Load _ 

Area 19-12 

20 X 6 


tons/in.* = 1-05 tons/in.". 


8i-3 


tons/in.® = 1-48 tons/in.«. 


YY axis. / = M tons/in.« = 2-45 tons/in.«. 

Max. compressive stress = (1-05 + 1-48 + 2-45) tons/in.> 

= 4 98. tons/in.®. 



CHAPTER XVII 


TEST PAPERS WITH WORKED SOLUTIONS 

At the end of the chapter the numerical answers to the questions 
set in the test papers are first given. The answers are then fully 
worked out but the calculations are given in concise form in 
order to keep the chapter within reasonable limi+ s. When points 
of theory are raised in a question, page references are given in 
the solutions. 
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Test Paper No. i 

(1) Define the term * centre of gravity.' 

Calculate the position of the centre of gravity of the plated T-sectlon 
given in Fig. i. Check the calculated position by drawing a link 
polygon. 

(2) A floor is to be composed of timber joists placed at 12" centres. 
The total inclusive floor load is 80 lb. per sq. foot of floor. The effective 
span of the joists is 10 ft. Assuming a working stress of 1000 lb. per 
sq. inch for the timber and a joist breadth of 2', calculate the necessary 
depth for the joists. Draw the bending moment and shear force 
diagrams for one of the joists. 

(3) Briefly indicate the principal differences in properties between 
liquid pressure and earth pressure. Calculate the thickness of the wall 
(Fig. 2) so that it may be just stable from the point of view of tension 
at the base ' AB.' Verify the calculated thickness by a graphical 
method. 

(4) Fig. 3 gives a sketch graph of the results of a tensile test on a 
mild steel specimen. 

Calculate (i) Young’s modulus, (ii) ultimate stress, (iii) the total 
extension expressed as a percentage of the gauge length. 

Using a factor of safety of 4, obtain the safe axial load for a tie-bar 
of this quality steel, 4" wide x f'' thick. 

(5) Draw the stress diagram for the roof truss given in Fig. 4. Dis- 
tinguish between ' struts ’ and ‘ ties ’ by writing, alongside the mem- 
bers, a plus sign for a strut and a minus sign for a tie. 

Write down the force in the member indicated by a cross. 

(6) Determine the position and magnitude of the maximum bending 
moment in the beam shown in Fig, 5. 

Draw the shear force diagram for the beam. 

(7) Show, graphically and by calculation method, that the con- 
current system of forces given in Fig. 6 has no resultant vertical effect. 
What force, introduced into the system, would reduce it to equili- 
brium ? 

(8) Obtain, by means of a link polygon, the support reactions for 
the simply supported beam given in Fig. 7. Check the graphical 
results by calculation method. 
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Test Paper No. 2 

(1) Give the important assumptions upon which the theory of 
bending is based. 

Draw the bending moment and shear force diagrams for the beam 
shown in Fig. i. 

Calculate the necessary section modulus for the beam. Maximum 
permissible stress = 10 cwts. per sq. inch. 

(2) Draw the stress diagram for the cantilever truss given in Fig. 2. 

Tabulate the forces in the respective members of the truss. Dis- 
tinguish between the members which are in tension and those which 
are in compression. 

(3) Explain briefly the meaning of the following : (i) compressive 
strain, (ii) shear stress, (hi) working stress, (iv) Young's modulus. 

An extcnsometer, fitted for use with either S" or 10' gauge length, 
was used to determine ‘ E ' for a mild steel specimen. The following 
test results were recorded : 

Sectional area of specimen = *66 sq. ins. 

Axial load applied = 2*145 tons 

Corresponding extension = -002 ins. 

Assuming ‘ E ' to be 13000 tons/in.*, find the gauge length actually 
used. 

(4) Express, by calculation method, the conditions of equilibrium 
for a non-concurrent co-planar system of forces. 

Calculate the force in each bar of the loaded frame given in Fig. 3. 

(5) The two steel beams given in Fig. 4 have the same sectional area. 

Demonstrate the economy of the rolled steel joist type of section by 

comparing the total uniformly distributed loads the respective beams 
will carry for an effective span of 8 ft. Assume a working stress of 
8 tons/in.* in each case. 

(6) Explain the meaning of the term * bearing ' as applied to rivets 
in a riveted joint. 

Calculate the value of one rivet in the following circumstances : 
rivet dia. = |^, plate thickness = f', rivet in double shear. /, = 6 
tons/in.* and /» = 12 tons/in.*. 

Obtain the maximum safe value for ‘ P ’ in the joint given in Fig. 5. 
Assume the rivet stresses given above and 8 tons/in.* as the working 
stress in tension in the tie-bars. 
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Test Paper No. 3 

(1) Fig, I shows a king-post roof truss carrying positive wind and 
dead loads. Draw the stress diagram for the truss. 

Obtain the force in the member indicated by a cross. Is this mem- 
ber a strut or a tie ? Assuming the trusses to be spaced at lo-ft. 
centres, calculate the wind pressure (normal to roof slope) and the 
dead load respectively, in lb. per sq. foot of roof surface, corresponding 
to the joint loads given. 

(2) A beam ‘ AB ' (Fig. 2) rests on two supports. The left and 
right end supports are composed, respectively, of steel and concrete. 

If ‘ A ' and * B ' are still at the same (new) level when load ' W ' is 
applied, calculate ‘ W * and * given that the load induces a stress 
of 100 lb. per sq. inch in the concrete. 

Eiuei = 30,000,000 Ib./in.*, Eooncreu == 2,000,000 Ib./in.*. 

(3) Find the value of ' w' in the timber beam example given in 
Fig. 3, in order that the maximum fibre stress in the timber at a beam 
section, 2 ft. from the left end, shall be 8 cwts./in.*. The beam is 3' 
wide X 6^ deep. 

Draw the bending moment and shear force diagrams for the beam, 
assuming the calculated load. 

(4) Test the given retaining wall (Fig. 4) for tension at point ‘ B.' 
Obtain the compressive stress at ‘A.' 

Draw a diagram showing the variation of pressure on the subsoil 
under the wall. 

(5) Fig. 5 shows a composite beam section. 

Neglecting rivet holes, find the position of the centre of gravity of 
the section (i) by calculation, (ii) by any graphical method. 

Properties of section : 

B. S.B. Area = 16-177 sq. ins. 

Angles. Area of one angle = 3*251 sq. ins. 

C. G. from back of angle = 1-05 ins. 

(6) Prove the formula for the maximum bending moment for a 
simply supported beam with uniformly distributed load, 

A 9*^ X 4*^ X 21 lb. B.S.B. is used as a simply supported beam for an 
effective span of 8 ft. Inclusive of its own weight, it carries a uniform 
load of 6 tons. What additional point load could it carry if the load 
were placed (i) at the centre of span, (ii) at 2 ft. from the left end ? 
The maximum stress must not exceed 10 tons/in.*. 

Zxx for the B.S.B. = 18-03 fos.*. 
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Test Paper No. 4 

(1) Design suitable timber beams for the floor shown in Fig. i. Find 
the necessary section modulus for each of the steel beams * AB ' and 
‘ CD ' respectively. Select suitable B.S.B.s from the section tables 
given on pages 258-265. 

(2) A stone wall and lintol (constructed in reinforced concrete) are 
of I ft. uniform thickness. Taking the particulars given in Fig. 2 , 
construct the B.M. and S.F. diagrams for the lintol. The density of 
both wall and lintol may be assumed to be 140 lb. per cu. foot. 

(3) Draw the stress diagram for the braced girder (Fig. 3). Obtain 
the force in the member indicated by a cross. 

(4) Using the method of sections, find the force in each of the 
members ' A;' ‘ B,* and ‘ C ' in the truss given in Fig. 4. Distinguish 
between struts and ties. 

(5) Employing the method of the link polygon, construct the B.M. 
and S.F. diagrams for the simply supported beam (Fig. 5). 

Write down the scales clearly, showing how the bending moment 
scale was derived. 

(6) Calculate the necessary density for a vertical wall of rectangular 
section, 6 ft. high, if no tendency for tension is to be developed at the 
base joint, assuming it to be i' 6' thick, and to be subjected to a 
horizontal wind pressure of 15 lb. per sq. foot. 
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Test Paper No. 4. 
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Test Paper No. S 

(1) For the given overhanging beam (Fig. i) calculate {a) the support 
reactions, [h] the position and value of maximum bending moment. 

Draw the shear force diagram for the beam. 

(2) Calculate the support reactions for the truss shown in Fig. 2. 
The reaction at the left end is assumed to be vertical. 

(3) A bolt, in double shear, is used with a plate thickness of Y. 
Assuming working stresses of 6 tons/in.* and 12 tons/in.® for shear and 
bearing respectively, calculate the bolt dia. in order that it shall be 
equally strong in ‘ bearing ' and ‘ shear.* 

Calculate the safe uniform load for the beam ' AB * (Fig. 3) from the 
point of view of the holts in its end connections. 

(4) Draw the stress diagram for the roof truss given in Fig. 4. 
Write, alongside the members, ' S * for compression and ‘ T * for 
tension. Find the force in the member indicated by a cross. 

(5) A specimen of timber, x i*" in section, was tested as a simple 
beam with central-point loading. The effective span was 24'. Assum- 
ing the modulus of rupture of the timber to be 10000 Ib./in.*, calculate 
the load at fracture. 

What factor of safety is represented by the beam shown in Fig. 5, 
if the same quality of timber is used ? The beam is 3^ wide x 10* 
deep. 

s W/* 

(6) Given the expression find the maximum deflection of 

a timber beam with simply supported ends, of width = 2' and depth 
== b" y and of lo-ft. effective span. The beam carries a uniform load 
of 960 lb. total value. * E * for the timber = 1,600,000 Ib./in.*, 
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Test Paper No. 6 

(1) Calculate the maximum permissible depth of water behind the 
given retaining wall (Fig. i) if there is to be no tension at the base 
' AB/ 

(2) Obtain the force in each of the members marked * A/ ‘ B/ ‘ C/ 
and ‘ D ' respectively in Fig. 2 (i) by calculation, (ii) by drawing a stress 
diagram. 

(3) Calculate the support reactions and draw the stress diagram for 
the roof truss given in Fig. 3. 

(4) Draw the bending moment and shear force diagrams for the 
cantilever shown in Fig. 4. 

(5) Define the terms ‘ effective column length ' and ' slenderness 
ratio.' 

Calculate the safe concentric load for a mild steel solid circular 
column of 4" dia. and g-ft. effective height, given : 

Ijr (tonsjin}) 

100 .... 4*1 

no ... . 37 

(6) Show that the floor, shown diagrammatically in Fig. 5, can safely 
support a total inclusive floor load of 160 lb. per sq. foot. 

Working stresses : Timber = 1200 Ib./in.* 

Steel 10 tons/in.2 

Zxx for 10'' X 5'' X 30 lb. B.S.B. == 29-25 ins.*. 

(7) A short concrete pillar (Fig. 6), in addition to its own weight, 
carries the reactions of two steel beams. Draw the distribution of 
pressure diagram for the base ‘ ZZ.' 

Density of concrete = 130 lb. per cu. foot. 
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Answers to Problems in Test Papers 

Test Paper No. i {page 388) 

Numerical Answers 

(1) C.G. lies on the vertical axis of symmetry of the section, 5-28^ above 
the bottom. 

(2) Necessary depth for joists 6'. 

= 12000 lb. ins. 

S.F.^x, *= ± 400 lb. 

(3) Width of wall = 3 ft. 

(4) (i) E = 13000 tons/in.*. 

(ii) Ultimate stress ==32 tons/in.*. 

(iii) 30%. 

Safe axial load 24 tons. 

(5) Force in given member =15 cwts. 

(6) B.M.nui,. occurs at io*8 ft. from left end. 

B.M.^. = 78-32 tons ft. 

S.F. values : Left end = 12-8 tons. 

Right „ =21-2 „ 

(7) Equilibrant = 4*732 cwts. acting horizontally towards the left. 

(8) Left-end reaction = 6-5 cw^. 

Right-end „ ■= 6-5 „ 


Detailed Solutions 

(i) Definition of C.G. (page 91). 
Area of plate = 10 ins.* 

„ flange = 8 „ 

„ vertical leg = 5 

Total area = 23 ins.*. 


Let y be height of C.G. above bottom of section. 

23> = (5 X 2-5) -f (8 X 5-5) + (10 X 6-5) 

121-5 

y ^ C.28 ms. 

23 ^ 

For link polygon construction, treat the areas as ‘ acting ’ towards the 
right (see page 12 1). 


(2) Load per joist = X 80 Ib./ft.* = 800 lb. 


B.M.„„ = 


W/ 800 X 10 X 12 

lur . 

M ='^r-. 12000 = 


lb. ins. = 12000 lb. ins. 
1000 X 2 X <f* 


d* 


12000 X 6 
1000 X 2 


36. /. d =» 6". 


400 
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(Forms of B.M. and S.F. diagrams as in Fig. 276.) 

=- 12000 lb. ins. 

W 

S.F.^. i ^ i 400 lb. 

(3) Differences in liquid and earth pressures (Chapter XV). 

Let * fc * ft = necessary thickness of wall. 

Weight of wall per foot run = (12 x 6 X 120) = 14406 Ib. 

Taking moments about outer middle-third point : 

(540 X 4) — 14406 X 6/6 = 2406*. 

.,6. = ,.6 = 3ft. 

240 ^ 

Graphical method of solution (page 344). 

(4) (i) Taking the stress and corresponding strain at the limit oi propor- 
tionality : 


Stress 


Strain 


Load 6-6 , . 

^ — = 15 tons/in.* 

Area *44 ' 


Extension 


•00923 


(ii) Ultimate stress = 


Original length “ 

Stress 15 
Strain 001154 

Max. load in test 


== -ooi I <^4. 


tons/in.* = i3o».>o tons/in.*. 
14-08 


Original section area *44 


32 tons/in.* 


2*4 

(iii) Percentage elongation = 

Ultimate stress 
Working stress = pactor of safety 

Sectional area of bar = 3 sq. ins. 

Safe axial load =(3x8) tons = 24 tons 
(5) (See Fig. 408.; 


100 = 30. 

32 tons/in.* 


8 tons/in.*. 




Fig. 408. 

(6) Rl X 20 = (20 X 10) -f (2 X 10) -f (12 X 3) 
Rj^ = 12-8 tons. 

Rj X 20 = (20 X 10) -f (2 X 10) -h (12 X 17) 
R^ 13 S 21*2 tons. 
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Load on beam from left end up to a point io*8 ft. from left end == (io*8 
-h 2) 12-8 tons, hence occurs at 10*8 ft. from left end (see 

page 231). 

= (i2*8 X 10-8) — (io-8 x 5-4) — (2 X -8) 

= 78-32 tons ft. 

Shear diagram. — S.F. at left end = 12*8 tons. 

S.F. at right „ = 21*2 „ 

[Construction of S.F. diagrams, page 231.] 

(7) Total up force = (i -|- 4 cos 60° -f 2 cos 60°) cwts. = 4 cwts. 
Total down force = 4 c^vts., hence there is vertical equilibrium. 
Resultant force = (4 cos 30° + 3 — 2 cos 30°) cwts. 

= (2 X *866 4 - 3) = 4*732 cwts., acting towards the 
right, horizontally. Equilibrant of system is ‘ equal and opposite ' to the 
resultant. 

(8) Rl X 10 = (4 X 8) -f (6 X 4-5) + (3x2) 

= 32 + 27 -f 6 = 65 
Rl = 6-5 cwts. 

Rb X 10 = {3 X 8) + (6 X 5-5) 4 - (4 X 2) 

= 24 4 - 33 + 8 = 65 
Rr = 6-5 cwts. 

Link-polygon construction (page 125). 

Treat uniform load as ‘ 6 cwts.* concentrated at its centre of length for 
graphical solution. 

Test Paper No, 2 {page 390) 

Numerical Answers 

(1) Maximum bending moment = 34-5 cwts. ft. 

Max. positive shear force = 8-5 cwts. 

„ negative „ ,, = — 7-5 cwts. 

Necessary section modulus =41-4 ins.*. 

(2) (See Fig. 409.) 



Fig. 409. 
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Member. 

Force. 

Type. 


cwts. 


CE 

8-00 

Tie 

DA 

1 6-00 

Tie 

AE 

8-00 

Strut 

BE 

6-93 

Strut 


(3) 8 ins. 

(4) (See detailed solution below.) 

(5) Safe uniform load for rectangular beam = 14-22 tons. 

„ ,, steel-beam type = 23-55 „ 

(6) Strength or value of one rivet — 5-3 tons. 

Safe value of * P * = 13*14 tons. 


Detailed Solutions 

(i) Assumptions in theory of bending (page 241). 

Form of B.M. and S.F. diagrams as on page 222. 

If ‘ A ’ and ‘ B ' are reaction points and ' C,' ‘ D/ ‘ E/ and ‘ F ’ the load 
points in order from left : 

(R^ X 16) -f (2 X 6) = (6 X 5) 4- (10 X II) -f (2 X 20) 
i6Ra 4- 12 =- 30 -f 110 -f 40 = 180 

i6Ra = 180 — 12 = 168. Ra = 10*5 cwts. 
(Rb X 16) 4 - (2 X 4) = (10 X 5) 4 - (6 X II) + (2 X 22) 
i6Rb + 8 = 50 -i- 66 -f 44 == 160 

i6Rb = 160 — 8 = 152. Rb == 9*5 cwts. 
B.M.o = o. B.M. A = (2 X 4) = 8 c.f. (negative). 

B.M.b = (2 X 6) = 12 c.f. (negative). 

B.M.I, = (10-5 X 5) - (2 X 9) c.f. - (52-5 “ 18) c.f. = 34-5 c.f. 

B.M.B = (9*5 X 5) - (2 X II) c.f. = (47*5 - 22) c.f. = 25-5 c.f. 

B.M.k = o. 

S.F. values : Between ‘ C * and ‘ A ’ = - 2-0 cwts. 

,, * A ’ „ ‘ D ' = 4- 8*5 ,, 

„ ‘ D ' „ * E ' = - 1-5 „ 

„ * E * „ ‘ B ' = - 7*5 „ 

„ * B ' „ * F ^ = 4- 2-0 „ 


Max. B.M. 

Z 


34.5 c.f. = 
M _ 4H 
7 “ 10 


414 c. ins. 

= 41-4 ins.*. 


(2) (See diagram in numerical answers.) 

(3) Definitions (Chapter IX). 


Let x‘' = gauge length. 

^ ’ tons/in.'. 
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Strain = 


*002 
x " 

13000 X *002 . _ . 

13000 = — V- /. * = ins. = 8 ms. 

' ooi . X 3-25 


•002 

X 


(4) Conditions of equilibrium (page 80). 

Notation for braced girder : Inclined members, left to right, 

(^, and (^. Flange members : bottom left bottom right top 
flange member 

Rl X 20 *= (6 X 15) 4- (2 X 10) 4- (4 X 5) = 90 + 20 4- 20 = 130. 

/. Rl = 6*5 tons. 

Rb X 20 = (4 X 15) 4 - (2 X 10) 4- (6 X 5) = 60 4 - 20 4- 30 = no. 

.*. Rb = 5‘5 tons. 

Length of diagonal 


Reduction coefficient for inclined members = 
Length of diagonal = \/5* 4- 5* = V50. 


Height of truss 


Reduction coeff. 


V2, 


Fj s= 6*5 V2 = 9-19 tons (strut). 

F, = (6*5 — 6) V2 = *5 ^2 tons == *707 tons (tie). 

Fj == (5*5 — 4) V2 = 1*5 3/2 tons = 2*12 tons (tie). 

F4 =- 5*5 vT =7-78 tons (strut). 

Fj X 5 = 6*5 X 5. .*. Fg = 6*5 tons (tie, moments about opposite joint). 

F 7 X 5 =* 5*5 X 5. F, = 5*5 „ (tie, 

(Fe X 5) 4“ (6 X 5) = 6-5 X 10. F, X 5 = 65 - 30 = 35. 

Fg = 7 tons (strut). 


). 


(5) Rectangular beam : Z = — = 


bd^ 2x8* 


= 21*33 ms.®. 


Ixx for R-S.J. beam type = 


BD* bd^ 


12 


_bd^ __ { 

12 ~ \ 


5 X 83 

12 


4 X 6® 
12 


6 ®\ . , 
— 1 ms.* 


= 141*33 ms.' 


Zii = = 35-33 ins.*. 


For reel, beam : 


W/ 


For R.S.J. type : 


8 

Wi 


= /Z. 


W X 8 X 12 
8 


= 8 X 21*33. 


= /z. 


W = 14-22 tons. 
W X 8 X 12 


= 8 X 35-33. 


8 •• 8 

W = 23-55 tons. 

.rhe latter beam carries a much greater load for the same weight of steel. 
(6) Bearing in rivets (page 183). 

2 X JT X (J)* 


D.S, value of rivet 
» 5*3 tons. 


2 X — X /« tons 

4 


X 6 tons 


4 
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Bearing value ^dxtx ft ^Ixix 12 tons = 5-625 tons. 

Value of one rivet — 5*3 tons. 

Riveted joint : 

(i) Connection between plates and gusset plate. 

D.S. value of one rivet — 5*3 tons. 

Bearing value = dtfi, = ixixi2*^45 tons. 

Actual value — 4-5 tons. 

/. Rivet strength of connection = 3 x 4*5 = 13-5 tons. 

The weakest section for the plates is through the bottom ri\'et. 

Tensile strength = 2[3~-iJ] X j x 8 tons 
« (2 X 2*19 X 3) tons = 13-14 tons. 

(ii) Connection between gubset plate and angles. 

Rivets in double shear and bearing in Y plate. 

Rivet strength = 4-5 tons. 

/. Strength of connection * 3 x 4-5 « 13-5 tons. 

Safe value of ‘ P ' = smallest of calculated strengths -- 13-14 tons. 

[It would be permissible in this example to use } " as the diameter of the 
rivet in strength calculations.] 

Test Paper No. 3 {page 392) 

Numerical Answers 
(i) (See Fig. 410.) 

Member ‘ X * is a strut. Force =* 2300 lb. 

Wind pressure = 15 lb. per sq. foot of roof surface. 

J^ead load — ~ 18 jj pp 



Fig. 410. 


(2) W = 17500 lb. 

X = 4-57 ft. 

ti; = li cwts. per foot. 

Calculations for B.M. and S.F. diagrams given below. 

S.M.— 14 
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(4) No tension at point * B.* (Eccentricity = i ft., nearly.) 
Compressive stress at * A * « 3032 lb. per sq. foot. 

Foundation pressures : 

At toe of wall — 2600 lb. per sq. foot. 

„ heel „ „ = 871 „ 

(5) C.G. is 6*73 ins. above bottom of section. 

(6) (i) 4-5 tons. 

(ii) 7 .. 


Detailed Solutions 
(i) Wind pressure. 

Areaof roof surface corresponding to a full joint — X 10') =75 sq.ft 
1126 lb. 


/. Wind pressure 


= 15 lb per bq. loot. 


75 sq. ft. 

Dead load : 

Area of roof slope per joint = 75 sq. ft. 

18 lb. per sq. ft. 


. . . 1350 lb. 

Dead load — — - - 

75 It. 


(2) Load earned by concrete = stress x area = (100 x too) lb 
10000 lb. 

Stress 100 I 

E ~ 2,000,000 20000* 

I 

20000 

* 


Strain in concrete = 
/. Strain in steel 


Stress in steel 


^30,000,000 X lb. /in.* — 1500 


E X strain 

Ib./in.*. 

Load carried by steel = (1500 x 5) lb. = 7500 lb. 

W = 4- Rb = (7500 4- 10000) lb. = 17500 lb. 

Moments about A : 

Rj X 8 = W X jr 

10000 X 8 - . 

j — — ft. = 4*57 ft. 

(3) Left>end reaction = - j — (5w 4 - i) cwts. 

B.M, at 2 ft. from left end = [(511; 4-1) x 2] — (2w x i) 

=s (lott; 4- 2 — 2w) c.f. = (8w 4- 2) c.f. 

/o . V 8 x 3 X 6 X 6 

/. (8w 4- 2) X 12 = 

8ti; 4- 2 *= 12 

w ^ li cwts. per foot. 

Left-end reaction ■» 7-25 cwts. 

Right-end reaction « 10*25 cwts. 

BJd. diagram noay be drawn thus.: Construct a parabola of height 
15*625 c.f. above base and a triangle of height (at load point) 8 c.f. below 
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base. The total depth of the diagram will represent bending moment 
values. 

The S.F. diagram is directly constructed by usual rules (page 221). 

(4) Joint AB — deal with portion of wall above AB only. 

Earth thrust = J x 90 x i8* x = 48<JO lb. 

Weight of wall per foot = X 18 x 140) lb. = 13860 lb. 

The solution may be carried through graphically (as on page 344), or by 
calculation method. 

Calculation method : 

X — distance of C.G. from back of wall 
99 ^ = (54 X 1-5) -f (45 X 4J) = 291 

T = 2*94 ft* 

‘ Shift * of resultant = ^ 2*104 ft* 

Resultant cuts base at (2*94 -f 2*104) ft. == (say) 5 ft. from back ot wall. 
Outer middle-third point = (f x 8) ft. = 5} ft. back of wall. 

.*. Resultant cuts base just inside middle-third. /. Theie will be no 
tension at ‘ B.’ 

Eccentricity = (5 — 4) = i ft. 

Compressive stress at ‘ A * = ^ -f == =» 3032 

lb./ft.2. 

Total wall section : 

Earth thrust = | x 90 x 20*5* X i = 6303*75 lb. 

Weight of wall = (99 -f 25) x 140 = 17360 lb. 

(54 -f 45 + 25)i: = (54 X li) 4- (45 X 4S) 4- (25 X 5) 

^ = 3-35 ft* 

Shift = (6303*75 X 4- 17360 = 2*48 ft. 

Resultant cuts base at (3*35 4- 2*48) ft. = 5*83 ft. from back of wall. 
Eccentricity = *83 ft. 

Foundation pressures : 

The pressure-variation diagram is linear, as in Fig. 388. There is no 
uplift at the base. 

(5) The C.G. is on the vertical axis of symmetry. 

Let y — height above base. 

Total area of section = (16*177 4- 3*251 ”4- 3*251) sq. ins. 

== 22*679 sq. ins. 

A 22-679:y = (16-177 X 5) + (6 502 X 11-05) - i 52 - 73 « 

/. y - 6-73 ins. 
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Graphical solution may be effected by the method given on page io6, 
or by link-polygon construction. 

(6) Formula for given beam example is proved on page 213. 

(i) Moment of resistance of section =» /Z = (10 x 18*03) tons ins. 

= i8o*3 tons ins. 

B.M. due to 6 tons load *= ^ ^ « ^2 tons ins. 

o 


/. Available B.M. for central load = (180*3 — 72) tons ins. = 108*3 
tons ins. 

Let W tons = load 


W X 8 X 12 


W 


4 

io8*3 

24 


io8*3 
4*5 tons. 


(ii) Note that the B.M.^^, values due to the two component load 
systems must not be added in this case, as the max. values do not occur 
at the same beam section. 

Let ' W * tons be the safe additional load. Assume, as a first trial, that 
the B.M.m^x. will occur at the concentrated-load point. 

Rl X 8 = (W X 6) -h (6 X 4) 

SRl = 6W -h 24 
Rl = .(-75^ + 3) tons. 

B.M. at load point = [(^sW + 3) X 2 — (1-5 x i)] tons ft. 

(-75 W -f 3) X 2 - 1-5 = 

I-5W + 6 = 15 + 1-5 = i6-5 
1.5W = 10*5 
W = 7 tons. 


Using the zero shear rule for position of max. B.M., we find that our 
assumption for B.M max. position was correct. 

For the B.M. max. to occur in the portion of span between the load 
point and right end, the right-end reaction must be less than (6 ft. x *75 
/W X 2 \ 

tons/ft.) = 4*5 tons., i.e. - -g h 3 j less than 4*5. 

*25 W less than 1*5 
‘ W ' less than 6 tons. 

The beam can safely carry an additional 7 tons at 2 ft. from the left end. 


Test Paper No. 4 {page 394) 

Numerical Answers 

(i) Suitable dimensions for timber beams, 3' wide x 6 * deep. 

Steel beam AB . — Necessary Z = 21*66 ins.*, say, a 10^ X 4J' X 25 lb. 
B.S.B. (Z -= 24*47 ins.*). An 8^ X 5' X 28 lb. has a nearer section modulus 
but is a heavier section. 
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Steel beam C.D . — Necessary Z = 49*3 ins.*, say, a 12^ x 6^ X 44 lb. 
(Z « 52-79 ins.*), or a 15'' X 5'' X 42 lb. (Z = 57-1 ins.*). 

(2) B.M. at left support = 840 lb. ft. (negative). 

Max. B.M. (for right span) occurs at 3-75 ft. from the right-end reaction 
and = 2953 lb. ft. 

S.F. at left support = — 840 lb. (to left) and 1785 lb. (to right). 

S.F. „ right „ = — 1575 lb. 

(3) Force in given bar =15 tons (tension). 

(See Fig. 41 1.) 



B. „ „ = 250 „ 

C. Tie. „ = 1000 „ 


(5) B.M. at 2 cwts. load — 4 cwts. ft. 

M M 4 »» »» = 

,, „ I „ ,, =0 „ „ 

[Method of construction given on page 234.] 

(6) Necessary density of wall =120 lb. per cu. foot. 

Detailed Solutions 
(i) Timber beams : 

I e* 

Area supported by one beam = 10' x -- — 12*5 sq. ft. 

U.D. load carried = (12-5 x 112) lb. = 1400 lb. 

Max. B.M. - lb. ms. «= 21000 lb. ins. 



M 


/. bd ^ = 105. 
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P)d} bd^ 

* 21000 = 1200 X 
o o 

If ‘ 6 * « 3", (f* = 35. /. d « say 6'. 

Steel beam * AB* : 

Loads carried : U.D. load + self- weight 

= (150 sq. ft. X 1 12 Ib./sq. ft.) -h (15 x 30) 

= (16800 -h 450) lb. = 17250 lb. = 7*7 tons. 

Ayr T3 Ayr 7*7 X I5 X 12 

Max. B.M. tons ms. = 

M « /Z. .*. 173-25 = 8 X Z. Z 

Steel beam CD : 

Loads carried : U.D. load from left floor bay -f self-weight -f- central- 
point load (= Ra). 

Load from left bay = (5 x 20 x 112) lb. = 11200 lb. 

Self-weight = 50 X 20 = 1000 lb. 

.*. Total U.D. load = 12200 lb. = 5*45 tons. 

W/ 

8 


ins. = 173*25 tons ins. 
21-66 ins.*. 


p *45 X^ 2 o X 12^ 


tons ins. 


Max. B.M. due to U.D, load = 

= 163-5 tons ins. 

B.M.,n»*. due to central load « ^ ^ ~ 231-0 


tons i 


/id ^ 7*7 ^ons , o , \ 

ms. = 3-85 tons.) 


/. Total max. B.M. ■= (163-5 + 23i‘0) tons ins. «= 394-5 tons ins. 

^ M 394*5 
Z « y *= «= 49*3 ins.». 

^2) Total weight of wall plus lintol = (10 x 3 X i X 140) lb. «= 4200 lb. 
Weight per foot run = 420 lb. 

Rl X 8 = 4200 X 5. .*. Rl = 2625 lb. 

Rb X 8 = 4200 X 3. /. Rb =* 1575 lb. 

B.M. at left support = [(420 x 2) x |] = 840 lb. ft. 

B.M.nutt. in right span occurs at x' from right support, where 420 x 
= Rb ■= 1575* 

. . 1575 


420 


” ft. ■= 3-75 ft. 


= [(1575 X 3-75) - (1575 X 

' W/ ’ 

in right span for construction purposes = 


lb. ft. = 2953-125 lb. ft. 
(420 X 8) X 8 


8 


lb. ft. 


-« 3360 lb. ft. 

(3) By calculation (moments about opposite joint) 

Rl X 30 = (7 X 25) + (2 X 20) -f (II X 15) + (2 X 10) -h (4 X 5) 

Rl = 14 tons. 

(Fx X 8-66) -f (2 X 5) -f (7 X 10) = (14 X 15). Fx = 15 tons. 

(4) Member * A* — ^Take moments about the intersection point of 
members ‘ B ' and * C/ 
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(F* X arm) + (500 x 5) = x 10 

(Fi X 10 tan 30°) + 2500 = 1000 X 10 = 10000. 

F* = lb. = 1299 lb. (stmt). 

5-774 ' ' 

Member * B / — Take moments about the intersection point of members 
‘ A * and ‘ C.* 

(Fb X 10) = 500 X 5 

Fb = 250 lb. (strut). 

Member * C.* — Take moments about the intersection point of members 
‘ A ' and ' B.’ 

(Fo X 10 sin 30®) = Rl X 5 
Fo X 5 = 1000 X 5 
/. Fo = 1000 lb. (tie). 

Struts and ties are determined as explained on page 309. 

(5) See page 234 for method by link polygon. 

Rl X 8 = (2 X 7 ) -f (4 X 4) + (i X 2) = 14 -f- 16 -f 2 = 

Rj = 4 cwts. 

Rb X 8 — (i X 6 ) -h (4 X 4) -f (2 X 1) = 6 -1- 16 -f- 2 *= 24 
Rr ~ 3 cwts. 

B.M. at 2 cwts. load = 4x1 = 4 c.f 

„ „ 4 - - = (4 X 4) — (2 X 3) = 16 — 6 = 10 c.f. 

„ I „ = (3 X 2) = 6 c.f. 

(6) Let ' X ’ \b. per cu. foot = density. 

Weight of wall per foot run = (6 X ij X x) = 9;^ lb. 

Total wind thrust per foot run = (6 x i X 15) = 90 lb. 

Taking moments about outer middle-third point : 

9^ X 90 X 3 

2*25;r =» 270 
X — 120. 

Density = 120 lb. per cu. foot. 


Test Paper No. 5 [page 396) 

Numerical Answers 

(1) (See Fig. 412.) 

Left-end reaction = 61 cwts. 

Right-end ,, =67 „ 

Max. B.M. occurs at 10*5 ft. from left support. 

B.M.nj^i — 145*75 cwts. ft. 

(2) Rl = 3123-7 

Rb *= 2779 lb. making an angle of 73^° (nearly) with the horizontal. 

(3) Bolt diameter = •636'^, say f 
Safe load for beam ^31*8 tons. 

(4) Force in member = 800 lb. Member is a strut. 

(See diagram in detailed solutions later.) 
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(5) Central load at fracture = 278 lb. 

Factor of safety «= 10 (nearly). 

(6) Max. deflection «■ *375 ins. 

Detailed Solutions 

(l) (Ri, X 20) + [(2 X 5) X 2-5] + (10 X 5) = [(2 X 25) X 12-5] 

+ [(2 X 10) X 20] + (8 X 15) + [(4 X 5) X 7-5] 

2oRi, + 25 + 50 = 625 + 400 + 120 + 150 = 1295 
2oRl = 1220. Rl == 61 cwts. 

(Rb X 20) -f- [(2 X 5) X 2-5] = [{2 X 25) X 12-5] + (10 X 25) 

-f (10 X 20) -f [(4 X 5) X 12-51 -f (8 X 5) 

2oRb = 1340. Rb = 67 cwts. 

Rl -h Rb *=128 cwts., which is correct. 

B.M. at left support = (4 X 5 X 2-5) = 50 c.f. ( — ). 

„ „ right = (10 X 5) + (10 X 2-5) = 75 c.f. (-). 

in central span (using zero shear rule). 

Up to beginning of 4 cwts. /ft. load, load on span 

*= [(15 X 2) + (10 X 2) -f 8] = 58 cwts. 

(61 — 58) 3 cwts. more required. 

At 6 cwts. /ft. run, this means -5 ft. 

.*. B.M. mux. occurs at 10-5 ft. from the left-end support. 

= (61 X 10-5) — (2 X 15-5 X ) — (20 X 10-5) - (8 X 5-5) 

- (-5 X 4 X -5/2) 

= 640 5 - 49475 = 14575 cwts. ft. 

Hence absolute maximum bending moment = 145*75 cwts. ft. 
Construct S.F. diagram by rules given on page 221. 



4^3 


TEST PAPERS: WORKED SOLUTIONS 

(2) Reactions dus to vertical loads : 

Total load on truss « 4400 lb 
/. Rl = Rb = 2200 lb. (acting vertically). 

Reactions due to inclined loads : 

The resultant inclined load =« 1600 lb. We may assume this resultant 
force to act at any point in its line of action. A convenient point is where 
it cuts the lower tie, i.e. at the point where the left ‘ 200 lb.* acts. 

Resolving vertically, V = 1600 cos 30° = 1385-6 lb. 

Vl 

Vb 

Hl « o. Hh 


1385 b X 16 

= 923.7 lb 
1385-6 X 8 . 

1600 cos 60° 800 lb. 


Total reactions : 

Rl = (2200 -f- 923*7) = 3123*7 lb. 

Total Vb = (2200 + 461*9) = 2661*9 lb. 

„ Hb = 800 lb. 

/. Rb = \/266i* 9* -f- 800* = 2779 lb. 

If reaction make ‘ 6 ' with horizontal 

^ . V 2661*9 

tan B ^ — 3* 

H 800 

B = 73J® nearly. 

271 d^ 

(3) For equal strengths /, *= dtfb 


= 3*3274 


2 X TT X d^ X 6 


d X \ X 12. 


/. d = 


•636 ins., say f". 


In the given connection the bolts are in single shear, or bearing in either 
angle thickness or *35"^ web thickness, i.e. a lesser thickness of •35'^. 

.. U..,. X -vs* X 6 __ , 


Single-shear value of one bolt = — /, « — 

4 4 

Bearing value in *35' plate thickness = dtfb 

*= *75 X *35 X 12 tons = 3-15 tons. 


2*65 tons. 


Value of one bolt = 2*65 tons. 

/. Strength of 6 bolts =15-9 tons. 

.*. Safe load for beam = 2 x 15*9 = 31*8 tons. 

(4) (See Fig. 413.) 

(5) Let * W * lb. « central-point load at fracture. 

Wf /M* , W X 24 10000 X I X 1* 

7 = ” 7 ' 7 "" "" ‘ 

/. W -= 278 lb. 

Rl X 12 « (600 X 10) -F (2400 X 6) ■= (6000 + 14400) «= 20400 
B 1700 lb. 

•.II.— 14* 
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I'lG. 413. 


Rj X 12 = (600 X 2) *f (2400 X 6) = (1200 f 14400) = 15600 
Kn = 1300 lb. 

B.M.nuii. will occur at = 6*5 ft. from right end. 


= (1300 X 6-5) ~ ^1300 X ““j lb. ft. 

«= (1300 X 3*25) lb. ft. = 4225 lb. ft. 

/ X 3 X 10 X 10 
4225 X 12 = — 


/ ^4 X 4225 


Ib./in.* 


■= 1014 Ib./in.*. 

^ , 10000 Ib./m.* , , , 

Factor of safety = ib./iiT* (nearly). 

5 W/» 

(6) Max. deflection = gy . 

W = 960 lb., I = 120^ E = 1,600,000 lb. /in.*. 

_ hd^ 2x6x6x6. . . 

I = — = - ms.* = 36 ms.*. 

12 12 

,, j ^ X- 5 960 X 120 X 120 X 120 „ 

Max. deflection = -i- x 7 2 ** i . 

1.600,000 X 36 “ 



TEST PAPERS: WORKED SOLUTIONS 
Test Paper No. 6 {page 398) 

Numerical Answers 

(1) Depth of water permissible = 12*25 ^* 

(2) ‘ A * == 11*5 cwts. Strut. 

* B ' « *87 „ „ 

‘ C * = 10*4 „ Tie. 

‘ ’ = 5*5 .. .. (See Fig. 414.) 




A/ o 


\ ^ \ :r \ jr \ 
4 4 - 4 ^ 


Fig. 414. 



(3) Ra = Rb = 600 lb. (See Fig. 415.) 


6 °\ V 


4 - 36 ruA 


jO® C 


a'/ 


/Z — ^00 C6s 


Pjf ^ 600 Chs 
Fig. 415. 


Each reaction makes 6o° with horizontal. 

(4) B.M. at support = 6o cwts. ft. 

S.F. ,, „ -=20 cwts. 

(See Fig. 416.) 

Details of calculation given in tiohiHons later. 
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vS* F. /Dcx:::ij^ri:zyin^ 

Fig 416 


( 5 ) 47 '5 ^oris- Definitions (see pages 287 and 288 ) 

(6) Max stress in 2 " x 7"' beams = 1190 lb /in 

„ „ „ 3-^ X 8" „ - 1080 

„ „ „ steel beam = 9-85 tons/m *. 



Fig. 417. 
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(7) Max. pressures. Left edge of base = *36 tons per sq. foot. 
Right „ „ „ = .58 

(See Fig, 417.) 


Detailed Solutions 


(i) Weight of wall per foot = J(7 + 2) x 15 X 130 == 8775 lb. 
li * h* ft. = depth of water, water thrust })er foot run of wall 
=» i X 62*5 X A* lb. 

Let X = distance of C.G. of wall from back 

67*5^ = (30 X I) -f (37-5 X 3f) = 167-5 
X = 2-481 ft. 


Taking moments about outer middle-third point : 

i X 62*5 X A* X /^/3 == 8775 X ‘ shift * 

= 8775 X [(i X 7) - 2-481] 

2 X 




3 X 8775 X 2.185 ^ 


62-5 


h = 12-25 ft. 


(2) Rl == Rk = = 21 cwts. 


\wh^ 


Imagine a section plane cutting members * A/ * B,* and ‘ C.’ 

Member A. — Moments about mid-point of bottom tie. 

{F^ X 10) -h (6 X 5) -f (4 X 5) + (6 X 7-5) = 21 X 10. 

ioFa 4- 30 -i- 20 -f 45 = 210. 

ioFa = 210 — 95 == 1 15. /. F^ *= 11-5 cwts. 

Member ‘ A ' is a strut. 

Member ‘ B ,* — Moments about intersection point of ‘ A ' and ‘ C,' i.e. a 
point level with the bottom tie and 10 ft. to the left of the left reaction 
point. 

Arm of moment for Fg = 20 cos 30® = 17-32 ft. 

Assuming member * B ’ to be pulling at the section plane : 

(Fb X 17-32) + (6 X 15) + (4 X 15) + (6 X 12-5) = 21 X 10. 
i7-32Fb -f 225 = 210. 17-32 Fb = — 15. 

Fb = — -87 cwts. 

The negative sign indicates that Fb is not pulling at the section plane, 
hence member * B * is a strut. 

Member C . — Moments about intersection point of members ‘ A ' and ‘ B.* 
Arm of moment = 5 tan 60° = 5 x \/3 — 8-66 ft. 

Fo X 8-66 + (6 X 2-5) = 21 X 5 

8-66Fo = 105 — 15 = 90 
Fo = 10*4 cwts. 

Member * C * is a tie. 

Member D. — Consider vertical equilibrium at the top end of the member. 
2 X F^ cos 60° = 6 -f Fd 

Fd = (2 X ii‘5 X i) — 6 = 5*5 cwts. 

As member ‘ D ’ pulls downwards it is a tie. 
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(3) Resultant wind load = 1200 lb. 

Resolving the resultant, assuming it to act at the middle point of 
bottom tie : 


V =E 1200 cos 30° = 1200 X *866 = 1039*2 lb. 

== Vb - 519-6 lb. 

1200 cos 60® ,, 

Ha = Hb = = 300 lb. 


Ra = Rb = V 519-6^ + 300® = 600 lb. 

If * 0 ’ be inclination of each reaction to horizontal, 
^ V 519*6 
® = H = 1^- = '• 732 - 

e = 60*. 


(4) B.M. at support due to U.D. load = 12 x 3 = 36 cwts. ft. 

„ D », »» point loads = o 

„ ,, C „ „ „ „ =8 cwts. ft. 

„ „A „ „ „ „ = (4 X 4) + (4 X 2) = 24 cwts. ft. 

The B.M. diagrams for the load systems are shown in Fig. 416, one being 
drawn above the base line and the other below. The net B.M. diagram 
is therefore the addition of the two diagrams, i.e. B.M. values are obtained 
by scaling the total depth of the combined diagrams. If desired a new 
diagram may be obtained by plotting ordinates afresh from a horizontal 
base line, the ordinate at any given point being the sum of the correspond- 
ing ordinates in the component diagrams. The S.F. diagram is plotted 
directly. 


S.F.nua- = [(2 X 6) + 4 4- 4] cwts. = 20 cwts. 


(5) Least radius of gyration 

Diameter 4"^ ^ 

a a * 

to8" 

Slenderness ratio = — ^ 

1 

= 108. 

//> 

Fa {tons jin 

100 

4*1 

1 10 . 

37 

Ditf. " 10 

Dili. = *4 

= 8 

„ = — X 8 


10 

For l/r ^ 108, F^ ^ (4-1 

_ .32) == 3*78 tons/in. 

Sectional area of column = 

n X D* 71 X 4* 

= ^ = 12*57 in. 

.'. Safe axial load = (12*57 

4 4 

X 378) = 47-5 tons. 

(6) Timber beams, g-ft. bay 


Assuming 160 lb. per sq. foot total load : 

Load carried by one beam = (160 x 9) = 1440 lb. 

. 1440 X 9 

X12 f X 2 X 7 X 7 

8 

6 


6 
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1440 X 9 X 12 X 6 


Ib./in* =5 1190 Ib./in.* 


8 X 2 X 7 X 7 
Timber beams, 12-ft. hay : 

Load carried by one beam = (160 x 12) = 1920 lb. 

1920 XI2XI2 /x3x8x8 
/. - - 8 ” “ 6 “ 


. 1920 X 12 X 12 X 6 . 

/= - o-TT-.-T-o-r.-s— Ib./in.* 


1080 lb. /in.*. 


Steel beam : 

Load carried ^^^-Xibxibo 


8 X 3 X 8 X 8 

j lb. = 26880 lb. = 12 tons. 


M =/Z 
M 


/./ = 


M 


— tons ins. = 288 tons ins. 


^ 9.85 tons/in.». 

The given floor load is therefore safe. 

(7) Volume of concrete in pier = (3 x 2 X 2) + (3 3 X i) — 2i cu ft. 

Weight =*= (21 X 130) lb. = 2730 lb. == 1*22 tons. 

, rjrj , Total load 

Direct stress on ba.se ZZ = , 

Area 

^ ^ ton.s/sq. ft. = tons/sq. ft. 

■= *47 tons/sq, ft. 

Bending stress = 

B.M. = [(2 X 6) — (i X 6)1 tons ins. = 6 tons ins. = *5 tons ft. 


.•. Bending stress = ^ tons/sq. ft. = *11 tons/sq. ft. 

Max. compressive stress = (*47 -f 'H) = ’5^ tons/sq. ft. 
Min. „ „ « ( 47 - 1 1) = 36 „ 



APPENDIX 


BRITISH STANDARDS 

The following list of B.S. has been extracted, by kind permission 
of the British Standards Institution, from the sectional lists of 
British Standards dealing with ' Building,* etc. Copies of the B.S. 
may be obtained from the British Standards Institution, Sales 
Branch, 2, Park Street, London, W.i. 

' Add.' signifies that an Amendment is issued with the particular 
standard. 

B.S. Materials for Bridges and Buildings, etc. 

§4: 1932 Channels and Beams for Structural Purposes, 
Dimensions and Properties of. Add. April, 1934. 
(Partly superseding No. 6: 1924.) 

§4A: 1934 Equal Angles, Unequal Angles and Tee Bars for 
Structural Purposes, Dimensions and Properties 
of. (Partly superseding No. 6: 1924.) 

6: 1924 (Extract from.) Bulb Angles and Bulb Plates for 
Structural Purposes, Dimensions and Properties 
of. (See Nos. 4 and 4A.) 

(N.B. — Approximate Formulae for all Sections 
are included in the Extract from No. 6: 1924.) 
§15: 1948 Structural Steel. 

153: — Girder Bridges. 

153-Parts I and 2 — 1933. 

1 — Materials. Add. March, 1941. 

2 — Workmanship. 

153-Parts 3A — 1954. Loads. 

3B — 1937. . Stresses. Add. Oct., 1938, 
153-Parts 4 and 5—1937- [Dec., 1954. 

4 — Details of Construction. 

5 — Erection. 

§405: 1945 Expanded Metal (Steel) for General Purposes. 
§449: 1948 The use of Structural Steel in Building. 

§548: 1934 High Tensile Structural Steel for Bridges, etc., and 
General Building Construction. A dd. May, 1936, 
Feb., 1938, and June, 1942. 
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§648 : 1949 Schedule of Weights for Building Materials. 

§785 : 1938 Rolled Steel Bars and Hard Drawn Steel Wire for 
Concrete Reinforcement. Add. Jan., 1952. 

B.S. Cement, Lime and Plasters 

§12: 1947 Portland Cement (ordinary and rapid-hardening). 

Add. May, 1948, Jan., 1950, Aug., 1950, Jan., 
1952, Feb., 1952, Aug., 1952. 

§146: 1947 Portland-blastfurnace cement, details of. Add. 

May, 1948, Jan., 1950, Aug., 1950, May, 1952, 
Aug., 1952. 

§890 ; 1940 Building Limes. 

§915; 1947 High Alumina Cement. Add. Jan., 1950, Aug., 
1950, Aug., 1952. 

§1014: 1942 Pigments for Colouring Cement Magnesium Oxy- 
chloride and Concrete. 

§1191: 1955 Gypsum building plasters. 

1370: 1947 Low heat Portland cement. Add. Dec., 1948, 
Jan., 1950, Aug., 1950, Aug., 1952. 

PD 572 Specification for a typical vibration machine for 
compacting mortar cubes for testing cement. 
Specification and four drawings. 

1881; 1952 Methods of testing Concrete. 

B.S. Aggregates 

812: 1951 Sampling and testing of mineral aggregates, 
sands and fillers, methods for the. Add. May, 
1952, Feb., 1953 and April, 1954. 

§877; 1939 Foamed blastfurnace slag for concrete aggregate. 
Add. April, 1947. 

§882, 1201: 1954 Concrete aggregates from natural sources. 
Add. Jan., 1956, July, 1957. 

§1198, 1199, 1200 : 1955 Building sands from natural sources. 
§1047 : 1952 Air-cooled blastfurnace slag coarse aggregates. 
§1165 : 1957 Clinker aggregate for plain and precast concrete, 
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B.S. Timber 

373: 1957 Testing small clear specimens of timber, methods 
of. 

§565 : 1949 Glossary of Terms Applicable to Timber, Plywood 
and joinery. 

§881 & 589: 1955 Nomenclature of commercial timbers (including 
sources of supply). 

§1186: Part i: 1952 Quality of timber in joinery. 

§1860: 1952 Structural softwood. Measurement of charac- 
teristics affecting strength. Add. July, 1952. 

Codes of Practice 

CP. 3: — Chapter V; 1952. Loading. 

CP. loi. 1948 Foundations and substructures for houses, flats 
and schools of not more than two storeys. 

CP. in: 1948 Structural recommendations for loadbearing walls. 

CP. 112; 1952 The structural use of timber in buildings. 

CP. 113: 1948 The structural use of steel in buildings. 

rp. II4' 1937 The structural use of normal reinforced concrete 
in buildings 


§ A summary ol this standard is included in Handbook No. 3. 
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FABRICATION OF STEELWORK 

In various parts of the book we have referred to steel frames, 
built-up steel girders, etc. The reader may be interested to 
learn how such steelwork is fabricated. 

Fig. 418 shows a flange plate being riveted on to a girder by a 
‘ Hydraulic Riveter.' In this riveter water pressure is utilised 
to force a ' die ' on to the soft rivet shank while the other end of 
the rivet is held firmly by the stationary die. 

Site riveting is carried out by a pistol-shaped compressed-air 
machine known as the ' Pom-Pom ' or ' Pneumatic Hammer ' 
(Fig. 419). The head is formed in this case by a rapid succession 
of blows. 

Figs. 420 and 421 illustrate the joining of units together by the 
metal-arc welding process. The metal required for deposition 
at the weld forms part of an electrical circuit. It is in the form 
of rods known as ‘ electrodes.' In the photographs the welding 
operator is holding the electrode a small distance away from the 
joint being welded. An electric arc completes the circuit and 
the electrode metal is gradually being deposited to form the 
necessary connection. 


4*3 



Fig. 418. — Hydrauuc Riveting. 

(Rivet head about to be formed.) 



Fig. 419. — Pneumatic Hammer Riveting. 

rigt. 4ii mtd 4ig r^oductd by ptfmiuitm »nd citurtsty •/ Dmmiays IM, 





Answers to Chapter Exercises 

Exercises (i) (page 14) 

(1) 52 lb. 32® (nearly) to vertical. 

(2) 100 lb. 53° (nearly). 

(3) Vertical load = 500 lb. 

(4) 7*39 cwts., bisecting angle between rope directions. 

(5) (i) 20 cwts. 37° (nearly) to horizontal. 

(ii) 174 lb. 13° 

(iii) 908 ,, 82^° „ „ 

All the above resultants act downwards towards the right. 

(6) 2126 lb. I3J° (nearly) to vertical. 

(8) cwts. vertically downwards. 

(9) 2000 lb. (nearly). 

(10) 2*05 tons. 

(11) 5910 lb. at 24° (nearly) to the vertical. Resultant cuts base at 3-61 ft. 

from back of wall. 

Exercises (2) [page 28) 

(1) (i) 448 lb. acting upwards towards the right. 

366 ,, „ downwards „ ,, „ 

(ii) 8-66 cwts,, vertically downwards. 

5*00 „ horizontally towards right. 

(iii) 2 tons, upwards towards left. 

2-83 ,, vertically downwards. 

(2) Forward pull = 103*9 lb. 

(3) 154-5 lb. 

(4) 44-64 .. 

(5) (i) H = 4 cwts. (to right). V = 6*93 cvi:s. (upwards). 

(ii) H = 500 lb. ,, ,, V = 866 lb. (downwards). 

(iii) H = 1*532 tons (to left). V = 1-286 tons (downwards). 

(6) H = 2*134 tons (to right). 

V = 1*77 „ (downwards). 

(7) H = 646*4 lb. (to right). 

V = 1519*6 lb. (downwards). 

Resultant = 1651 lb, making an angle of 67® (nearly) with the 
horizontal. 

(8) Horizontal sliding tendency = 3420 lb. 

frictional resistance should be 5130 lb. 

(9) 60®. 

(10) 3000 lb. 

Exercises (3) [page 43) 

(1) Left-hand rafter. 500 lb. Strut. 

Right-hand „ 866 „ „ 

(2) 433 lb. 
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(3) Pull in tie =» 4 cwts. 

Thrust in jib « 7 cwts. 

Jib is in compression. 

(4) Pull in tie = 4 cwts. 

Thrust in jib = 12 cwts. 

(5) (i) 63 with horizontal. 

(ii) Reaction at upper hinge = 20 lb. 

,, ,, lower = 44-72 lb. 

(6) Left reaction = 462 lb. acting downwards towards the left at 30® to 

the horizontal. 

Right reaction = 462 lb. acting vertically downwards. 

(7) Tension in rope = 60 lb. 

Reaction at hinge = 60 lb. acting upwards towards the left at 30° to 
the horizontal. 

(8) Force polygon closes. By calculation method i:H — o and sV «-» o. 

(9) X = 256 lb. Y = 1079 lb. 

Both members are struts. 

(10) Member DE is a strut. Force = 9 tons. 

,, EA ,, tie. „ == 1*414 tons. 

Exercises (4) (page 66) 

(1) 200 lb. ft. A.C.W. 

17-32 cwts. ft, C.W. 

2*4 tons ft. A.C.W. 

(2) (a) 14-14 lb. 

(b) 10 lb. 

(3) 40 lb. ft. C.W. 

(4) I'- 

(5) 30 lb. 

(6) Reaction = 1212-4 lb. 

(7) (i) Left end = 8 tons. Right end = 10 tons. 

(ii) „ „ = 2680 lb. ,, ,, = 2520 lb. 

(iii) „ „ = 28J cwts. „ „ = 3if cwts. 

(8) Left end = 68-25 cwts. Right end = 54*75 cwts. 

(9) ,, ,, = 4050 lb. ,, „ = 4250 lb. 

(10) 375 ft. 

(11) Rl ~ 12 cwts. Rk = 15 cwts. 

Moment = 54 cwts. ft. Moments agree in magnitude, one is C.W. 
and the other A.C.W. 

(12) The magnitude of the resultant = 2-88 cwts. 

(13) A = 2i tons. 

B = ij „ 

C = ij „ 

D = I .. 

Total = 6 tons, 

(14) “ 76 *5 lb. 
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Exercises (5) [page 87) 

(1) (i) 9 lb. vertically downwards at 12' to right of 3-lb. force. 

(ii) 17 tons „ „ », 12 right of 2 ton-force. 

(2) (i) 2 cwts. horizontally towards the right at 12 ft. vertically above 

the 2-cwt. force. 

(ii) 90 lb. acting, parallel to system, towards the right in line with 

the 80-lb. force. 

(3) Resultant =12 tons in line with the 2-ton load. 

Reactions : Left end = 7*2 tons. Right end *=4*8 tons. 

(4) 2200 lb., acting parallel to system towards the left at 1 1 ft. from apex 

of truss. 

(5) Resultant load acts at 6 ft. from 60 ton-load. Overall length = 1 6 ft. 

(6) io«2 ft. from right end. 

(7) Force in couple = 12 lb. 

Arm of „ = 9J ins. 

Moment of „ *= 112 lb. ins. C.W. 

(8) C = T = 3 tons. 

(10) Pull in string = 7-5 lb. 

Hinge reaction : Vertical component = 3-25 lb. 

Horizontal „ = 6*495 lb. 

Magnitude = 7*26 lb. acting upwards towards the right at 26 
(nearly) to the horizontal. 

(11) W = 12 lb. 

;r = 4f ins. 

(12) Ra = 2000 lb. 

Rb = 10440 lb. acting at 73® 18' to the horizontal, upwards to^vards 
the left. 

[Vertical component == 10,000 lb. 

Horizontal „ =* 3,000 „ ] 

Exercises (6) (page 112) 

(1) 9^ from * 4-lb.' mass. 

(2) (a) 8.I7^ (b) 2^ 

(3) 1*183^ from back of each leg. 

(4) (i) 1*685' below top of section on vertical axis of symmetry. 

(ii) *827' from left edge of angle section. 

1*327' „ bottom „ 

(iii) 1*018' from left edge of section, on horizontal axis of symmetry, 
(iv; 2*325' from top of section, on vertical axis of symmetry. 

(5) 5' above bottom of section on vertical axis of symmetry. 

(6) 3*25 ft. from back of wall. 

(7) 1*34 ft. from left edge of section. 

1*5 »» bottom „ „ „ 

(8) (i) Ri. =* 1440 lb. 

Rb =» 2880 „ 

(ii) Rl = 3520 „ 

R, - 2240 
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(9) 2 ft. from line joining centres of the two left-hand columns. 

6' S"' above horizontal line through the ‘ 10 tons * column. 

(10) 6*54^ above base, on vertical axis of symmetry. 

(11) 12^ from left edge of section. 

11*8'' from bottom edge of section. 

The C.G. is at mid-thickness of the casting. 

(12) 3*22 ft. from left edge of base. 

Exercises (7) 128) 

(i) Resultant = 185 lb. acting at 2-03 ft. from the top of mast at an angle 
of 22® (downwards towards the left) with the horizontal. 

/2) 2-8 ft. 

(3) 2-17'^ from left edge of section and 1*17'' from bottom edge. 

(5) 2*11 ft. from back of wall. 

(7) (i) Rl = 6*5 tons. Rr = 7*5 tons. 

(ii) Rl = 7 cwts. Rr = 6 cwts. 

(8) Rl = 11*5 tons. Rr = 12*5 tons. 



Fig. 42*. 
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(9) Free-end reaction (vertical) *= 1559 lb. 

Fixed-end reaction = 2381 lb. acting at 41® to the horizontal. 

(ii) Ri, *= 5040 lb. 

Rb — 7920 „ 


Exercises (8) (page 155) 

(i) See Fig. 422. 


Member. 

Force. 

Type. 

JK & TU 

28-28 tons 

Tie 

LM & RS 

i6-97 

Tie 

NO & QP 

5*66 .. 

Tie 

AJ & AU 

0-00 „ 

— 

CK & HT 

20-00 „ 

Strut 

AL & AS 

20-00 ,, 

Tie 

DM & GR 

32-00 „ 

Strut 

AN & AQ 

32-00 „ 

Tie 

EO & FP 

36-00 

Strut 

BJ & lU 

24-00 „ 

Strut 

KL & TS 1 

20-00 „ 

Strut 

MN & RQ ' 

12-00 „ 

Strut 

OP 

8-00 „ 

Strut 


(2) See Fig. 423. 

6558 lb. (tie) in left member (AH). 
8030 „ (strut) in right member (FK). 



(3) See Fig. 424. 

AF «*= 10*93 (tie). 

IJ — 4*00 „ (strut). 

JK - 2 83 „ (tie). 
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(7) Force in member = 1200 lb. (tie). 

See Fig. 429. 

(8) See Fig. 430. 



(9) Dead loads : Full joint load = 960 lb ; J joint load (at eaves) «» 
480 lb. Wind loads at apex and eaves = 450 lb. Central joint 
= 900 lb. 

(10) Forces in inclined members from left . 

I3-86T (strut), S’ 775 ^ (tie). 5 775T (strut), 693! (strut), 6-93T (tie), 
II-55T (strut). See Fig 431. 




Exercises (9) (page 191) 
(i) 8 tons/in.*, 
thickness. 

{ 2 ) r- 

(3) 7' 6' square. 
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(4) 13J'" square. 

(5) 10. 

(6) 1,200,000 Ib./in.*. 

(7) *06 ins. 

(8) (i) 9000 Ib./in.*. 

(ii) 48000 lb. 

(9) (i) 13,000 tons/in.*. 

(ii) 32 tons /in.*. 

(iii) r- 

(10) t"' dia. 

(11) Concrete load = 1600 lb. 

Timber „ = 2160 „ 

(12) 11*82 tons. 

(13) 17-72 „ 

[Rivet strength = 18*05 tons.] 

(14) Value of one bolt == 3-61 tons. 

Max. safe reaction load = 6 x 3*61 — 21*66 tona 

Exercises (10) {page 217) 

(1) B.M.aax == 6 cwts. ft. ( — ). 

S.F. = 2 cwts. 

(2) (i) = 25 c.f. (-). 

(ii) S.F. ,, =6 cwts. 

(iii) 9 c.f. (-). 

(iv) 6 cwts. 

(3) 200 lb. per sq. foot. 

Max. S.F. = 1800 lb. 

(4) B.M.^. = 400 lb. ft. 

S.F. „ = ih 100 lb. 

(5) B.M.s at load points from left : 

27*5 tons ft., 45 tons ft., 32*5 tons ft, 

Rl = 5*5 tons. Rr = 6*5 tons. 

(6) Rl = 7*4 tons. Rr == 7*6 tons. 

B.M.s at load points from left : 

29*6 tons ft., 51*2 tons ft., 56*8 tone ft., 30*4 tons ft, 
B.M. at given section = 55*4 tons ft. 

S.F. ,, ,, „ =1*4 tons. 

(7) B.M.^. = 36 c.f. 

S.F. „ = i 12 cwts. 

B.M. at given section = 32 c.f. 

S.F. ,, „ = 4 cwts. 

(8) Load = 2 cwts. per foot run. 

B.M.„,^. = 25 c.f. 

(9) B.M. ,, *= 800 lb. ft. in timber beam. 

S.F. „ = ± 400 lb. „ „ 

B.M. „ ■= 25600 lb. ft. in steel beam. 

S.F. .. ■= ± 6400 lb. „ „ „ 
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(10) B.M. „ = 4 tons ft. 

(11) (i) 8 tons. 

(ii) 4*5 tons. 

(12) B.M. = 5400 lb. ft. 

S.F. « 450 lb. 

B.M.bux. « 5625 lb. ft. 

S.F. „ «= ± 2250 lb. 

(13) B.M. (mid-height) = 24300 lb. ft. 

S.F. „ „ = 1620 lb. 

B.M. (base) «= 97200 lb. ft. 

S.F. = 3240 lb. 

(14) 4 ft. and 6 ft. 

(15) 4 tons. 

(i) 5j tons. 

(ii) 4 tons. 

Exercises (ii) {page 235) 

(1) B.M. at 6 ft. = II c.f. 

S.F. „ 6 — -5 cwts. 

B.M.’s at load points from left : 

o, — 10 c.f. (at reac-'ion), 12 c.f., 10 c.f., — 8 c.f. (at reaction), o. 
Reactions : Left end *= 7*5 cwts., right end = 6*5 cwi:s. 

(2) Reactions : Left end = 5250 lb., right end = 8750 lb. 

B.M.'s : Left support = — 5000 lb. ft. Right support = — 20000 
lb. ft. 

B.M.b,*^ occurs at 8-125 ^t. from left support (for central span). 

B.M. „ =* 8203 lb. ft. Absolute B.M.^ax. = 20000 lb. ft. 

(3) Reactions : Left end = 134 tons, right end = 224 tons. 

B.M.’s : Left support = — 18 tons ft., right support — 36 tons ft. 
B.M. at point load = 45 tons ft. 

B.M. diagrams for overhangs are parabolae. The diagram for central 
span consists of straight lines. 

(4) Reactions : Left end = 5J cwts., right end ** 24 cwts. 

B.M.nuot. occurs at 4f ft. from left end. 

B.M. „ « 174 c.f. 

(5) Reactions : Left end «« 7 cwts.. Right end «= 5 cwts. 

B.M.nxax. “= 12*25 c.f. at 3-5 ft. from left end. 

(6) Reactions : Left end = 10 cwts.. Right end 8 cwts. 

(6 + 8) cwts. exceeds left-end reaction value. 

(7) Reactions : Left end = 21 tons. Right end = 15 tons. 

B.M.nM*. 76-^ tons ft. at 9 ft. from left end. 

(8) Reactions . Left end = 34*5 tons. Right end «= 15*5 tons. 

A B.M.nua. occurs at ‘ 5 tons ’ load and equals 32*5 tons ft. 

Absolute B.M.^. = 37*5 tons ft. at left support. 

(9) Reactions : I^ft end « 17 cwts.,- Right end =* 18 cwts. 

** 30*25 c.f. at 5*5 ft. from left support. 
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(lo) Reactions : Left end = 27*87 cwts.. Right end = 22*13 cwts. 

B.M. at left support = — 50 c.f. 

,, right „ = — 32 0 

„ „ 6 cwts. load = — 10*67 c.f. 

M „ 8 „ „ = — 1*33 „ 

[B.M. diagram is wholly beneath base line.] 

(ir) Reactions : Left end = 9 cwts., Right end = 6 cwts. 
occurs at 4' from left end = 18 c.f. 

(12) 375 c.f. = 18*75 tons ft. Each reaction = 150 cwts. 

B.M. at each support = — 125 c.f. 

(13) Total wind load — 120 lb. 

B.M. at base = 480 lb. ft. 

= 120 lb. 

[Treat as cantilever with partial uniform load.] 

(14) B.M.nutt. occurs at 6*93 ft. from left end. 

B.M. „ == 55*44 c.f. 

(15) B.M. value at top of mast = o. 

» M ‘ 300 lb.’ = 400 lb. ft. 

„ „ ,, ‘ 400 lb.’ = 1400 „ 

„ „ „ base = 800 „ 

Max. B.M. = 1400 lb. ft. 

(See Fig. 432.) 



Fig. 432. 


Exercises (12) (page 277) 

(1) (i) Max. fibre stress =* 10 cwts./in.*. 
(ii) 45 cwts. 

(iii) 4 ins. 

(2) 400 lb. 

( i ) 450 .. 

(4) 2' X 7'. 

S.M. 15 
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(5) Reactions : Left end = 480 lb.. Right end =* 360 lb. 

= 1040 lb. ft. 

/ = 1040 Ib./in.®. 

(6) 229 lb. per sq. foot. 

(7) B.M. available for end load = (M.R. ~ 52800 lb. ins.). 

= 115200 — 52800 = 62400 lb. ins. 

Load = 1300 lb. 

(8) 15 tons. 

7*5 tons central load. 

(9) (i) Zjtx = 22-42 ins.». 

(ii) Ixx = 705-b ins.*. 

(iii) I6^ 

(10) Reactions : Left end = 5*9 tons, Right end = 5*i tons. 

B.M. max. = 11*6 tons ft. at 3-93 ft. from left end. 

Z = 17*4 ins.*. 

(11) Reactions : Left end = 5 tons. Right end = 5 tons. 

B.M.mak. occurs at ‘ 5 tons ' load == 25-5 tons ft. 

Z = 30-6 ins.*. 

(12) 7"^ X 4^ X 16 lb. B.S.B. (Z required = 11*25 ins.*), 

(13) /= 5*97 tons/in.a. 

(14) B.M. max. is at ‘ 40 tons ' load == 40 tons ft. 

Necessary ‘ Z ’ for each beam = 13*3 ins.*. 

(15) b.m •max. = 1795*5 It), ft. 

6 = 3", 

(16) For bay with 3"^ x beams : 245 Ib./sq. toot. 

„ „ „ X 9"^ 259 „ 

„ steel beam strength : 282 Ib./sq. toot. 

/. safe floor load = 245 Ib./sq. foot. 

(17) Max. B.M. = 14040 lb. ins. 

* Z ' of section = 2*652 ins.®. 

/ = 5295 Ib./ins.*. 

(18) ' Z ’ of section = 1*43 ins.*. 

W == 572 lb. 

(19) ‘ Z ' of section = 44*93 ins.®. 

9*95 tons. 

(20) 12 ins. 

Exercises (13) {fage 304) 

(1) (i) I'. 

(ii) -866*. 

(iii) I •84'. 

(iv) 1-46'. 

(2) (i) 72. 

(ii) 60. 

(3) Fa = 5*01 tons/in.*. 

Load = 110*5 tons. 
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(4) 14 ft. (nearly). 

(5) 12^ X 8^^ X 65 lb. will carry 105 tons. 

(6) Direct stress = 300 lb. /in. 2. 

Bending ,, =180 ,, ,, 

Max. comp, stress = 480 lb. /in. 2. 

Min. ,, „ = 120 „ „ 

(7) Direct stress = 2 tons/m. 2. 

Bending ,, = 2 ,, ,, 

total stress varies from 4 tons/in.^ to zero. 

(8) Direct stress = i-i88 tons/sq. ft. 

Bending „ = -37 „ 

At ‘ A ’ total = 1-56 ,, „ 

,,‘B* „ = -818 

(9) 3-57 ills. 

(10) 10"' dia. 

(i) *0036 ins. 

(ii) Z = 98-21 ins.®. 

W = 11-7 tons. 

(11) Component at right angles to joint = 1879-4 lb. 
Compressive stress at ‘ A ' = 1O45 Ib./sq. ft. 

Exercises (14) (page 328) 

(1) A = 1600 lb. sti at. 

B =r 800 ,, 

C — 2078 „ tie. 

(2) Reactions : Left end = 1450 lb.. Right end = 1150 lb. 
A = 1700 lb. strut. 

13 = 1270 ,, tie. 

c = 837 .. .. 

(3) See Fig. 433 

A = 1000 lb. strut. 

(5I See Fig. 434. 

(0) A = 2600 lb. tie. 

B = 1300 „ 

C = 2800 ,, strut. 

(7) Left rafter = 200 lb. 

Right „ = 346-4 lb. 

(8) A = 3464 lb. strut. 

B = 2000 „ tie. 

Exercises (15) (page 3621 

^i) Wind load = 100 lb. 

Overturning moment = 250 lb. ft. 

(2) 2531-25 lb. 
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(3) (i) 2160 lb. 

(li) 8640 lb. ft. 

Kaxth pressure at base = 360 lb per sq. foot. 

(4) Water thrust « 2531*25 lb. 

X a» 6*24 ft. 
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(5) Earth thrust = 792*6 lb. 

Weight of wall = 3780 lb. 

Resultant = 3860 lb. at 12° (nearly) to vertical. 

Resultant cuts base at 2*185 ft. from back of wall. 

Compression everywhere along base. 

(6) (i) W = 750 lb. 

Wind pressure = 15 lb. per sq. foot. 

(ii) 8 ft. 

(7) Earth thrust = 5400 lb. 

Weight of wall = 12240 lb. 

Resultant cuts base at 1*28 ft. from centre. 

Max. ground pressure = 1*13 tons/sq. foot. 

Resistance to sliding = 6120 lb. 

Wall is stable, but resistance to sliding does not exceed the sliding 
tendency by a sufficient margin. 

(8) (1) 2250 lb. per sq. foot. 

(ii) 3orK) „ „ „ „ 

(hi) 4000 „ „ „ „ 

(9) Weight of wall = 16380 lb. 

C.G. from back of wall = 3*11 ft. 

Eccentricity of resultant = *49 ft. 

V = 19330 lb. 

Max. compressive stress « 3300 lb. per sq. ioo^ 
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in general case, 250 
Multiple load system, 228 

N 
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Definition of, 241 
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O 

Overhanging beams, 59, 221, 232 
P 

Parabola, Construction of, 206 
IMrallel forces, 5, 71 -79 
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Pound weight unit, 4 
Pressure : 

Earth, 335-343 
Liquid, 332 
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Definition of, 163 
in beam webs, 271 
in rivets and bolts, 182, 184, 185 
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Definition of, 171 
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Types of, 171 
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Definition of, 160 
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Types of, 161 
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Working, 164 
Stress diagrams ; 

Assumptions in, 133 
for dead loads, 137-146 
for wind loads, 146-153 
Rules for constructing, 138 
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with aid of link polygon, 143 
Strut, 2, 37, 139 

T 

Tensile : 
strain, 171 
stress, 161 
Tension, 3, 166 
Testing machine, 165 
Theory of bending, 248 
Ties, 2, 37, 139 
Timber beams (see Beams) 

Timber columns, 298 
Timber floor example, 215, 269 
Timber tests, 167, 168 
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Stress diagrams for, 132 
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U 

Ultimate stress, 164 

Uniform load, 57, 190, 205, 213, 
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V 
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Varying stress, 161, 241, 251, 268 

345 . 347 
Vector line, 6 

W 

Wedge theory, 338 

Wind pressure, 104, 146, 254, 33 

Working stress, 164 ^ 

Y 

Yield point, 181 
Young’s modulus, 175 




